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WPROWADZENIE

Zwezenie zastawki aortalnej stanowi najbardziej powszechng wade zastawkowa
w krajach rozwinietych. [1, 2] Na przestrzeni ostatnich kilkudziesigciu lat zmianom ulega
rozktad czesto$ci wystgpowania poszczegdlnych typow etiologicznych zwezenia zastawki
aortalnej. Zaobserwowano spadek czestosci wystgpowania poreumatycznych zwezen
zastawki aortalnej oraz wzrost rozpowszechnienia degeneracyjnej (zwanej rowniez
degeneracyjno-zwapnieniowg) postaci stenozy aortalnej. W badaniu Euro Heart Survey on
Valvular Heart Disease zwe¢zenie zastawki aortalnej stanowilo najczestsza rozpoznawang
wade zastawkowa serca, u wickszosci chorych, a mianowicie u 81,9%, byla to wtasnie
posta¢ degeneracyjno-zwapnieniowa, a tylko u 11,2% chorych rozpoznano poreumatyczny

typ wady.

Dane epidemiologiczne wskazuja, ze w zwiazku z wydluzaniem si¢ $redniej czasu trwania
Zycia oraz zwigzanym z powyzszym starzeniem si¢ spoteczenstw czgsto$¢ wystgpowania
zwezenia  zastawki aortalnej bedzie wzrastaé, jednocze$nie narasta¢ bedzie

rozpowszechnienie cigzkiej postaci stenozy aortalne;.

Leczeniem z wyboru u chorych z ciezka stenoza aortalng jest implantacja protezy zastawki
w pozycje aortalng. [2] Dla duzej grupy osob starszych, obarczonych licznymi
schorzeniami towarzyszacymi, ryzyko klasycznego zabiegu kardiochirurgicznego
wymiany zastawki aortalnej jest zbyt duze. Dla tej grupy chorych rozwiazaniem jest
przezskorne (przezcewnikowe) wszczepienie zastawki aortalnej (7Transcatheter Aortic
Valve Implantation - TAVI lub inaczej Transcatheter Aortic Valve Replacement - TAVR).
[3, 4]

W procedurze kwalifikacji chorych do przezskornego wszczepienia zastawki aortalnej
rutynowo wykonuje si¢ badania obrazowe, na podstawie ktorych precyzyjnie okresla
sie wymiary zastawki aortalnej, topografi¢ ujscia aortalnego, a takze mozliwos¢
wykorzystania poszczegélnych dostepow tetniczych. Standardem na obecng chwile jest

wykonywanie w tym celu badan tomografii komputerowej serca i duzych naczyn. [5, 6]

Badania tomografii komputerowej wiaza si¢ z narazeniem pacjenta, a takze
potencjalnie personelu wykonujacego na promieniowanie jonizujace. Promieniowanie

jonizujace poprzez bezposrednie oddziatywanie na dwuniciowa czasteczke DNA, a takze
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poprzez generowanie, w wyniku radiolizy wody, wolnych rodnikéw tlenowych
oddziatywujacych z DNA (czyli poprzez mechanizm posredni) powoduje zmiany materiatu
genetycznego komorki, ktore moga skutkowa¢ nastgpstwami deterministycznymi

1 stochastycznymi. [7, 8, 9]

Zastosowanie ~ promieniowania  jonizujagcego w  metodach  radiologicznych
1 radioizotopowych stosowanych w diagnostyce medycznej oraz w terapii (badania
radiologii klasycznej, tomografii komputerowej, medycyny nuklearnej, radioterapia)
stanowi niewatpliwy sukces nauki XX wieku. Dostgpnos¢ do urzadzen diagnostycznych
wykorzystujacych promieniowanie jonizujace ciagle si¢ poprawia, co stanowi oczywiste
osiaggnigcie organizacyjne opieki zdrowotnej. Wedlug danych Organizacji Wspolpracy
Gospodarczej 1 Rozwoju (Organisation for Economic Co-operation and Development,
OECD) w 2010 roku w krajach Unii Europejskiej na milion 0sob przypadato 20,4 urzadzen
tomografii komputerowej. Z kolei wedtug danych z 2020 roku najwigcej byto ich w Grecji
(42,50) 1 Danii (40,6); w Polsce wskaznik ten wyniost odpowiednio 20,1. Pami¢ta¢ nalezy,
ze poprawa dostepnosci przektada si¢ na ciagly wzrost liczby wykonywanych procedur tego
typu. W 2020 roku w niektérych populacjach krajow Unii Europejskiej roczny wskaznik
liczby wykonywanych badan tomografii komputerowej na milion osoéb przekroczyt 200
(w Luksemburgu wynidst 210, w Belgii 205). W Polsce bylo to odpowiednio 89,9 badan.
Coraz powszechniejsze stosowanie metod wykorzystujacych promieniowanie
jonizujace skutkuje wyraznie rosnaca wielkoscia ekspozycji populacji na

promieniowanie.
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ZALOZENIA

Zgodnie z zasadami ochrony radiologicznej, sformutowanymi przez Migdzynarodowa
Komisje Ochrony Radiologicznej (International Commission on Radiological Protection,
ICRP), nie wolno dopusci¢ zadnej praktyki zwigzanej z ekspozycja na promieniowanie
jonizujace, dopoki praktyka ta nie przyniesie dostatecznej korzy$ci osobom eksponowanym
lub spoteczenstwu, przewyzszajac straty w postaci radiacyjnego uszczerbku na zdrowiu
zwigzanego z tg praktyka. [10] W przypadku dodatniego bilansu zyskow i strat zwigzanych
z wykonywaniem procedur medycznych wykorzystujacych promieniowanie jonizujace
niezbedne jest poszukiwanie mozliwosci optymalizacji dawki promieniowania
jonizujacego. Z punktu widzenia zasad ochrony radiologicznej, zgodnie z zasada ALARA
(As Low As Reasonably Achievable), nalezy poszukiwaé sposobow redukcji dawki
promieniowania jonizujgcego podczas wykonywania procedur z wykorzystaniem
promieniowania jonizujacego, optymalnie przy zachowaniu odpowiedniej jakoS$ci
uzyskanych obrazéw diagnostycznych, a czasem nawet kosztem nieistotnej redukcji jakosci

takich obrazéw. [11, 12]

Szczegollnie istotne wydaje si¢ minimalizowanie stosowanych dawek w przypadku
badan, ktore wykonywane sa z generowaniem wysokich dawek promieniowania,
np. takich jak badanie tomografii komputerowej serca i duzych naczyn w procedurze
kwalifikacji do zabiegu TAVI. W przypadku nastepstw stochastycznych promieniowania
jonizujgcego wystepuje bowiem prosta proporcjonalnos¢ miedzy dawka promieniowania
aryzykiem ich wystagpienia. Natomiast koszty zwigzane ze zmniejszaniem wielko$ci
narazenia przy coraz nizszych warto$ciach dawek ekspozycyjnych rosng w sposéb
nieproporcjonalny do stopnia obnizenia dawki efektywnej. [13] Nie mozna tym samym
uznac za spotecznie pozadane i1 ekonomicznie oplacalne unikanie kazdego bardzo matego
ryzyka, a wigc dzialania nalezy koncentrowa¢ na optymalizacji dawek wysokich,

ewentualnie posrednich. [14]
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CELE PRACY

Zasadniczym celem badan bylo poszukiwanie mozliwosci optymalizacji dawki

promieniowania jonizujgacego w badaniach tomografii komputerowej w procedurze

kwalifikacji do zabiegu TAVI.

Do celow szczegdtowych badan nalezato:

1.

udokumentowanie w oparciu o evidence-based medicine $rednich dawek
promieniowania  jonizujacego w  standardowych  badaniach  tomografii
komputerowej serca i duzych naczyn wykonywanych w procedurze kwalifikacji do
zabiegu TAVI;

poszukiwanie zaleznosci pomigedzy dawka promieniowania jonizujacego
a powtarzalno$cig pomiarow wymiardéw zastawki aortalnej w badaniach tomografii
komputerowej wykonywanych w procedurze kwalifikacji do zabiegu TAVI oraz
ocena wptywu potencjalnej redukcji dawki w tego typu badaniach na omawiang
powtarzalno$¢ wymiarowania zastawki;

ocena mozliwosci estymacji warto$ci wskaznika uwapnienia zastawki aortalnej
(AVCS) w oparciu o faz¢ angiograficzng badania wielorzedowej tomografii
komputerowej wykonywanego w procedurze kwalifikacji do zabiegu TAVI oraz
ocena wielkosci redukcji dawki promieniowania jonizujacego w wyniku takiej

estymacji.
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OMOWIENIE

W pierwszej pracy cyklu doktorskiego pt. ,,Radiation Doses in Cardiovascular
Computed Tomography” omoéwiono wspotczesne poglady na temat wpltywu
promieniowania jonizujagcego na organizmy zywe oraz proces oszacowania dawek
promieniowania w badaniach TK i definicje okres$len: tomograficzny wskaznik dawki
(CTDI), objetosciowy tomograficzny wskaznik dawki (CTDIvol), iloczyn dawka-dtugos¢
(DLP), dawka specyficzna dla wielkosci ciata (SSDE), dawka skuteczna (ED). Dokonano
przegladu doniesien z duzych analiz dotyczacych dawek promieniowania w badaniach TK
tetnic wiencowych oraz przed zabiegami TAVI, w tym z badan CRESCENT,
PROTECTION, German Cardiac CT Registry. Badania te zostaty przeprowadzone w ciagu
ostatnich 10 lat i w wigkszo$ci osrodkow, w konfrontacji z codzienng praktyka
wykonywania badan TK uktadu krazenia, moga pomdc w udoskonalaniu ich protokotow.

Zebrano rowniez poziomy dawek referencyjnych dla tych badan.

W kazdym badaniu TK do problemu klinicznego 1 wlasciwos$ci pacjenta nalezy dostosowac
mozliwosci sprzgtu 1 umiejetnosci korzystania z protokoldw zgodnie z zasada ALARA
(As Low As Reasonably Achievable — tak nisko jak jest to mozliwe w rozsadny sposéb).
Mozliwosci optymalizacji dawki promieniowania moga by¢ rozmaite, zaleznie od
warunkéw wykonania badania i rodzaju sprzgtu. Do metod optymalizacji — obnizenia dawki

promieniowania w badaniach TK nalez3:

e obnizenie napigcia lampy aparatu TK,

e monitorowana zapisem ekg modulacja promieniowania (natg¢zenia pradu lampy)

e iteracyjne rekonstrukcje obrazow,

e oparte na glebokim uczeniu sztucznej inteligencji rekonstrukcje obrazu oraz
redukcja szuméw obrazu,

e redukcja zakresu badania (dlugosci skanu),

e prospektywne protokoty badan,

e modulacja nat¢zenia pradu zalezna od ostabienia promieniowania,

e regulacja cze¢stosci akeji serca,

e racjonalne stosowanie badania stopnia uwapnienia t¢tnic wiencowych (Calcium
Score),

e zastosowanie tomografii wielorzedowej, dwuzrédtowej i szerokozakresowej.
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Badania TK przed zabiegami przezcewnikowej wymiany zastawki aortalnej — TAVI staly
si¢ ,,ztotym standardem”. Wymagaja one uzyskania obrazoOw opuszki aorty przy uzyciu
akwizycji monitorowanych zapisem ekg oraz obrazoéw dostgpow naczyniowych od tetnic
szyjnych do tetnic udowych, wykonywanych bez synchronizacji z zapisem ekg.
W konstruowaniu protokotéw badan TK przed zabiegami TAVI stosuje si¢ dwa sposoby

uzyskiwania zbiorow danych obrazowych:

1) Akwizycja z monitorowaniem zapisu ekg, obejmujgca okolicg serca i opuszki aorty,
a nastepnie akwizycja bez monitorowania zapisu ekg, obejmujaca dostepy naczyniowe
w obszarze szyi, klatki piersiowej, jamy brzusznej, miednicy i pachwin do poziomu kretarzy
mniejszych kosci udowych. Wada tego rozwigzania jest dwukrotna akwizycja w zakresie
obejmujacym okolice opuszki aorty i serca, co zwicksza dawke promieniowania. Zaletg jest
jednak tutaj fakt, ze czasochtonna akwizycja synchronizowana z ekg jest ograniczona do
minimum. Skrécenie czasu badania pozwala na zmniejszenie objetosci podanego srodka
kontrastujacego. Pamigta¢ nalezy, ze badania te dotycza pacjentow w starszym wieku,
u ktorych najczesciej funkcja nerek jest — nawet znacznie — obnizona. Ponadto ograniczenie
zakresu akwizycji synchronizowanej z ekg zmniejsza t¢ cze¢$¢ badania, ktéra wymaga duzej

dawki promieniowania, pomimo ze zakresy skanowania cz¢sciowo si¢ pokrywajg.

2) Akwizycja z monitorowaniem zapisu ekg, obejmujgca dolng czgs¢ szyi 1 klatke
piersiowa, a nastgpnie akwizycja bez monitorowania zapisu ekg, obejmujaca jame
brzuszna, miednice i pachwiny do poziomu kretarzy mniejszych kosci udowych. Wada tego
rozwigzania jest wyzsza dawka promieniowania i wydhuzony czas akwizycji dla catej klatki
piersiowej. Wydluzony czas akwizycji moze wymagaé wigksze] objetosci $rodka
kontrastujacego oraz wstrzymania oddechu na dtuzszy czas, co moze powodowac u mniej

wytrzymatych pacjentow wystagpienie artefaktow oddechowych.

W celu optymalizacji dawki promieniowania autorzy wytycznych Towarzystwa Tomografii
Komputerowej Uktadu Krazenia (Society of Cardiovascular Computed Tomography —
SCCT) zalecaja u pacjentéw z masa ciata do 90 kg lub wartosciami BMI do 30 kg/m?
akwizycje z napigciem lampy aparatu 100 kVp, natomiast u pacjentow z masg ciata > 90 kg
lub warto$ciami BMI > 30 kg/m? — akwizycje z napieciem lampy aparatu 120 kVp. Jesli
pozwalaja na to parametry aparatury, u pacjentow z warto$ciami BMI < 26 kg/m? nalezy

prowadzi¢ akwizycje z napi¢ciem lampy aparatu 80 kVp.
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W narodowym badaniu ankietowym, przeprowadzonym w 2018 roku w Wielkiej Brytanii,
uzyskano odpowiedzi z 47 osrodkow, z ktorych wigkszo$¢ wykonywata ponizej 100 badan
miesi¢cznie. Mediana iloczynu dawka-dtugos¢ (DLP) wynosita 675 mGy*cm. Mediana
DLP w protokotach prospektywnych z monitorowaniem ekg, z waskim zakresem cyklu
serca objetym akwizycja (padding) wyniosta 423 mGy*cm. Zastosowanie szerokich
warto$ci padding — obejmujacych 30%-80% odstepu R-R — powodowalo ponad dwukrotne
zwiekszenie DLP — do 921 mGy*cm. Akwizycja retrospektywna wigzata si¢ z wysoka
mediang DLP, wynoszaca 882 mGy*cm.

Wptyw trybu skanowania badano w pracy przeprowadzonej przez autoréw z Osrodka
Charité (Berlin), wykonywanych aparatem 80-rzgdowym Aquillion Prime (Canon Medical
Systems, Otawara, Japan). W pierwszym z protokotéw akwizycja obejmowata odcinek
klatki piersiowej od szczytow ptuc do tuku aorty bez synchronizowania z ekg, nastepnie
odcinek od tuku aorty do przepony z synchronizowaniem z ekg i wreszcie odcinek od
przepony do pachwin ponownie bez synchronizowania z ekg. W drugim z protokotow
akwizycja prowadzona byla jednolicie od szczytéw ptuc do pachwin bez synchronizacji
z ekg, z wysokim wspotczynnikiem skoku (pitch factor) = 1,388. Srednia DLP wynosita
790,90 + 238,15 mGy*cm protokole z synchronizacja z ekg w porownaniu do 357,10 +
200,25 mGy*cm w protokole z wysokim wspotczynnikiem skoku bez synchronizacji z ekg.
Protokot TK o wysokim wspdtczynniku skoku bez synchronizacji z ekg umozliwit
zmniejszenie ekspozycji na promieniowanie o 55% w porOéwnaniu z protokolem

z synchronizacjg z ekg.

W badaniu obejmujacym 30 przypadkowo wybranych pacjentdéw, u ktérych wykonywano
badanie aparatem Somatom Force (Siemens Healthcare, Erlangen, Germany) DLP wynidst

217,6+12,1 mGy*cm (zakres 178-248 mGy*cm).

Roéwniez aparatem Somatom Force (Siemens Healthcare, Erlangen, Germany) badano
226 pacjentow w latach 2018-2019, w protokole, ktoéry obejmowal w pierwszym etapie
badanie stopnia uwapnienia zastawki aortalnej z zastosowaniem napigcia 120 kVp od
poziomu rozwidlenia tchawicy do przepony, w drugim etapie akwizycj¢ prospektywna
w 30% odstepu R-R, z monitorowaniem ekg, z zastosowaniem wysokiego wspotczynnika
skoku = 3,2 i napigcia 100 kVp. Srednia warto$é DLP w tym badaniu wyniosta 201.1 +22.7

mGy*cm.

10
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W pracy obejmujacej 115 badan wykonanych 256-rzedowym aparatem Revolution CT (GE
Healthcare, Milwaukee, USA) w latach 2016-2017 autorzy raportowali $rednig warto§¢ DLP
479,1 £ 45,7 mGy*cm. Protokot badania obejmowat klatke piersiowg od szczytow ptuc do
przepony z monitorowaniem ekg oraz akwizycje spiralng bez monitorowania ekg od

przepony do proksymalnej trzeciej czg¢sci ud; badanie wykonywano z napigciem 100 kVp.

Jeszcze inny protokét zastosowano u 42 pacjentow, badanych aparatem Somatom
Definition Flash (Siemens Healthcare, Forchheim, Germany). Akwizycja struktur serca od
tuku aorty do przepony synchronizowana byta z ekg w 60% odstepu R-R, nastepnie
skanowanie prowadzono kraniokaudalnie od szczytow pluic do pachwin bez
synchronizowania z ekg, akwizycja spiralng. W zalezno$ci od wartosci BMI stosowano

napiecia 100 kVp i 120 kVp. Srednia warto§¢ DLP wyniosta 241+£27 mGy*cm.

W koncowej czesci pracy pogladowej przedstawione zostaty badania, ktore wskazujg na
potrzebe podniesienia warto$ci wspotczynnika konwersji narzadowej dla badan uktadu
krazenia z dotychczas stosowanego 0,014-0,017 mSv/mGy*cm, zaimplementowanego

z badan klatki piersiowej, do wartosci 0,0264-0,03 mSv/mGy*cm.

W drugiej pracy cyklu doktorskiego pt. ,,Radiation dose and repeatability of aortic valve
measurement by multidetector row computed tomography to assess eligibility for
transcatheter aortic valve implantation” dokonano oceny zalezno$ci migdzy dawka
promieniowania jonizujacego a powtarzalno$cig pomiar6w wymiarOw aorty za pomoca
wielorzedowej tomografii komputerowej (MSCT) serca i duzych naczyn, w ramach
standardowej kwalifikacji do zabiegow przezcewnikowej implantacji zastawki aortalnej
(TAVI).

Badaniem objeto grupe 60 kolejnych pacjentow, u ktorych w latach 2012-2016 wykonano
TK serca i duzych naczyn w procesie kwalifikacji do zabiegéw TAVI. Sredni wiek
badanych wynosit 79,60 £9,17 lat, a $redni wskaznik masy ciata (BMI) 27,85 £3,99 kg/m?.
63,3% badanych stanowili mezczyzni, a 36,7% kobiety. Tylko 25,0% badanych miato
prawidtowa mase ciata, 51,7% miato nadwage, a 23,3% bylo otytych.

Wszystkie badania TK serca i duzych naczyn wykonano przy uzyciu tomografu
komputerowego Somatom Definition Dual-Source (Siemens Healthcare, Kemnath, Niemcy)

zgodnie ze standardowym protokolem, ktéry obejmowat topogram, monitorowanie

11
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wzmocnienia kontrastowego na poziomie rozwidlenia tchawicy, angiografie klatki
piersiowej w tetniczej fazie zakontrastowania z synchronizowaniem akwizycji z zapisem
ekg oraz angiografi¢ tetnic jamy brzusznej i miednicy bez synchronizowania z zapisem ekg.
Zakres badania siggat od szczytow ptuc do potowy trzonéw kosci udowych, z napigciem

lampy 120 kVp i zmiennymi warto$ciami mAs.

Dawka promieniowania jonizujacego okreslona zostala na podstawie raportow aparatury
TK jako tomograficzny wskaznik dawki (CTDIvol) oraz iloczyn dawka-dtugos¢ (DLP) dla

serii obejmujacej zakresem klatke piersiowa w tetniczej fazie zakontrastowania.

Badania byly oceniane niezaleznie przez 2 radiologow z 7- 1 10-letnim do$wiadczeniem
w ocenie tomografii komputerowej serca zgodnie z zaleceniami opisanymi w dokumencie:
SCCT expert consensus document on computed tomography imaging before transcatheter
aortic valve implantation (TAVI) /transcatheter aortic valve replacement (TAVR).

Wszystkie pomiary bylty wyrazone w milimetrach z doktadnoscig do 0,1 mm.

Na podstawie mediany warto$§ci CTDIvol (43,92 mGy) i DLP (1143,00 mGy*cm)
wyrdzniono podgrupy o niskim CTDIvol (CTDIvol < Me, n = 30) i wysokim CTDIvol
(CTDIvol > Me, n = 30) oraz podgrupy o niskim DLP (DLP < Me, n =29) i wysokim DLP
(DLP > Me, n=31).

Analizy statystyczne przeprowadzono przy uzyciu programu Dell Statistica v. 13 (Dell Inc.,

Austin, USA).

Analiza powtarzalnosci pomiarow zastawki aortalnej wykazata najwiekszg bezwzgledna
réznice pomiarow w odlegtosci miedzy ujsciem lewej tetnicy wiencowej a pierscieniem
aortalnym (1,77 +£0,96 mm), natomiast najmniejsza bezwzgledng roznice pomiardw
w §rednim wymiarze pier§cienia aortalnego (0,97 £0,60 mm). Najwigksza wzgledng rdéznice
pomiaréw 1 najwigksze wartosci wspotczynnika zmienno$ci pomiaru (CV) stwierdzono
w odlegtosci migdzy ujsciem lewej tetnicy wiencowej a pierScieniem aortalnym
(odpowiednio 0,13 £0,07% 1 9,24 +5,17%). Najmniejszag wzgledna rdznice pomiardw
1najmniejszy CV stwierdzono w S§rednim wymiarze opuszki aorty (odpowiednio

0,03 +0,02% 12,39 £1,72%)).
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Analiza poréwnawcza nie wykazata istotnych statystycznie roznic w §rednich warto$ciach
parametréw, charakteryzujacych powtarzalno$¢ poszczegdlnych pomiaréw zastawki
aortalnej pomiedzy grupami wyodrgbnionymi na podstawie mediany CTDIvol. Analiza
poréwnawcza wykazata, ze bezwzgledna roznica pomiaru, wzgledna réznica pomiaru oraz
CV w przypadku $redniego wymiaru zastawki aortalnej byly istotnie wyzsze w podgrupie

o niskim DLP niz w podgrupie o wysokim DLP.

Analiza korelacji wykazala istotne statystycznie ujemne korelacje liniowe pomiedzy
warto$ciag DLP a réznica bezwzgledna (AD), roznicg wzgledng (RD) i CV pomiaru
minimalnego wymiaru pier§cienia aortalnego (odpowiednio r = -0,26, r = -0,25 i r = -0,25;
p <0,05). Ponadto wykazano dodatnie korelacje liniowe migdzy BMI a AD, RD i CV
pomiaru minimalnego wymiaru opuszki aorty (odpowiednio r = 0,28, r = 0,31 i r = 0,31;
p <0,05), a takze miedzy BMI a AD, RD i CV odlegtosci miedzy uj$ciem lewej tetnicy

wiencowej a pierscieniem aortalnym (odpowiednio r = 0,33, r=0,28 i r = 0,28; p < 0,05).

Analiza regresji wykazala, ze ple¢ zenska 1 nizsze wartosci DLP sg czynnikami niezaleznie
zwigzanymi z wyzszym CV dla pomiaru minimalnego wymiaru pier§cienia aortalnego.
Wyzsze BMI 1 ple¢ zenska sg niezaleznie zwigzane z wyzszym CV dla pomiaru
minimalnego wymiaru opuszki aorty. Wyzsze BMI, ple¢ zZeniska i starszy wiek sa
niezaleznie zwigzane z wyzszym CV dla pomiaru odleglo$ci miedzy lewa tetnicg wiencowa

a pierscieniem aortalnym.

Analizujac wyniki tego badania nie mozna stwierdzi¢ jednoznacznych zalezno$ci migedzy
dawka promieniowania jonizujagcego a powtarzalno$cig pomiaréw wymiaru aorty za

pomocg tomografii komputerowe;j.

Nalezy jednak pamigta¢ o wykazanych pojedynczych, istotnych statystycznie

zaleznos$ciach, tj.:

. istotnie wigkszych: bezwzglednej réznicy pomiaréw, wzglednej réznicy pomiarow
1 CV dla $redniej wartosci srednicy zastawki aortalnej w podgrupie o niskim DLP
w poréwnaniu do podgrupy o wysokim DLP;

J istotne ujemnych zalezno$ciach liniowych pomiedzy wartoscig DLP a bezwzgledna
réznicg pomiardw, wzgledng réznicag pomiarow i CV dla minimalnego wymiaru

pierScienia aortalnego;
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o nizszym DLP jako niezaleznym czynniku zwigzanym z wyzszym CV dla

minimalnego wymiaru pier§cienia aortalnego.

Niezaleznie od dawki promieniowania, wyzsze BMI, ple¢ zenska i starszy wiek wptywaja
niekorzystnie na CV dla pomiaréw zastawki aortalnej. Wydaje si¢, ze w tych grupach
chorych nalezy zachowa¢ wigksza ostrozno$¢ podczas wykonywania badan TK

z zastosowaniem nizszych dawek promieniowania.

Warto podkresli¢, ze przedstawione wyniki badan sg pierwsza naukowg proba okreslenia
zalezno$ci pomigdzy dawka promieniowania jonizujagcego a powtarzalnos$cig pomiaréw
aorty za pomocg badan TK, wykonywanych w celu standardowej oceny kwalifikacji do
TAVI. W dostepnym pismiennictwie problem powtarzalno$ci wymiarowania zastawki
aortalnej za pomoca tomografii komputerowej przed TAVI byt dotad poruszany

sporadycznie.

Wielko$¢ dawki promieniowania w rutynowych badaniach TK wykonywanych
w procesie kwalifikacji do TAVI zasadniczo nie wplywa na powtarzalno$¢ pomiaréow
zastawki aortalnej, co uzasadnia proby wykonywania tych badan z zastosowaniem
nizszych dawek promieniowania. Ze wzgledu na wykazane pojedyncze korelacje
pomiedzy dawka promieniowania w badaniach TK, wykonywanych w procesie
kwalifikacji do TAVI a stopniem powtarzalno$ci pomiarow zastawki aortalnej
i opuszki aorty proponuje si¢, aby po badaniach z nizszymi dawkami promieniowania

nastepowala kontrola stopnia powtarzalnosci tych pomiaréw.

W trzeciej pracy cyklu doktorskiego pt. ,,Estimation of Aortic Valve Calcium Score
Based on Angiographic Phase Versus Reduction of Ionizing Radiation Dose in
Computed Tomography” dokonano oceny wartosci oszacowania wskaznika uwapnienia
zastawki aortalnej (AVCS) na podstawie fazy angiograficznej metoda wielorzedowe;j
tomografii komputerowej. Na podstawie tego oszacowania dokonano oceny mozliwosci

obnizenia dawki promieniowania jonizujgcego.

AVCS jest matematycznie oszacowanym, ilo§ciowym, niejednostkowym parametrem,
charakteryzujacym catkowita ilo$¢ zwapnien w obrebie zastawki aortalnej, koreluje ze
stopniem jej zwyrodnienia oraz zwezenia i jest parametrem uwzglednianym w kwalifikacji

pacjentow do TAVI. Zgodnie z wytycznymi Europejskiego Towarzystwa Kardiologicznego
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(European Society of Cardiology — ECS) 1 Europejskiego Stowarzyszenia Kardio-
1 Torakochirurgii (European Association for Cardio-Toracic Surgery — EACTS) AVCS
uznano za parametr, ktory mozna wykorzysta¢ do roznicowania stopnia stenozy aortalne;j
u pacjentdéw z powierzchnia ujscia aortalnego <1,0 cm?, niskim gradientem (<40 mmHg)
i zachowang frakcja wyrzutowa lewej komory. Wartosci AVCSnaives.0 Wg Agatstona
powyzej 2000 u mezezyzn i 1200 u kobiet stanowig kryterium wysoce prawdopodobne;j

cigzkiej stenozy aortalne;j.

Okreslenie AVCS wymaga wykonania badania TK w warunkach analogicznych jak przy
badaniu wskaznika uwapnienia t¢tnic wiencowych: w fazie natywnej (bez podania $rodka
kontrastujacego), w warstwach o grubosci 3 mm, przy napigciu lampy aparatu TK 120 kVp.
W algorytmach wg Agatstona ocenie podlegaja wszystkie zwapnienia o densyjnosci
>130j. H., o powierzchni >3 pikseli. Ocena AVCS wymaga odrebnej serii badania
w protokole kwalifikacji do TAVI i wiaze si¢ z dodatkowym narazeniem pacjenta na

promieniowanie jonizujace.

Badaniem objeto kolejnych 51 pacjentow w wieku 78,59 5,72 lat, badanych w 2019 roku,
kwalifikowanych do przezcewnikowej implantacji zastawki aortalnej (TAVI). Ze wzgledu
na zmierzone parametry antropometryczne wyodrebniono podgrupy kobiet i mezczyzn,
pacjentow z prawidlowa masa ciata, nadwaga 1 otylosciag oraz pacjentow w wieku

podesztym 1 starczym.

Badania wykonywano na 128-rzegdowym aparacie Somatom Definition AS+ (Siemens
Healthcare, Erlangen, Niemcy), zgodnie ze standardowym protokotem, ktéry obejmowat:
topogram, faz¢ natywng dla oceny AVCS, monitorowanie wysycenia aorty Srodkiem
kontrastujgcym oraz akwizycje¢ w tetniczej fazie zakontrastowania w warstwach o grubosci
3,0mm 1 0,6 mm w czg$ci poswigconej ocenie zastawki aortalnej 1 opuszki aorty oraz

o grubos$ci 3,0 mm i 1,0 mm w cze$ci poswigconej obrazowaniu dostepow tetniczych.

W oparciu o fazg natywna przeprowadzono oceng AVCS dla rekonstrukcji osiowych
o grubosci warstwy 3,0 mm 1 2,0 mm (AVCSnative3.0 1 AVCSnative2.0). Na podstawie fazy
angiograficznej oszacowano AVCS dla rekonstrukcji osiowych o grubosci 0,6 mm ze
zwigkszonymi do 500 j. H. 1 600 j. H. (AVCScrao.6 500 HU 1 AVCScTa0.6 600 HU) Wartosciami

odcigcia dla gestosci zmian w platkach zastawki aortalnej/pier§cieniu aortalnym,

15



ROZPRAWA DOKTORSKA BARTLOMIE] KEDZIERSKI

uwazanych za zwapnienia. Wartosci 500 j. H. i 600 j. H. zostaly wybrane subiektywnie
w celu odréznienia zwapnien w zastawce aortalnej od zakontrastowanego $wiatla drogi
odptywu lewej komory i/lub opuszki aorty. W momencie oceny AVCS w fazie

angiograficznej badacze nie mieli informacji o wartosci AVCS w fazie natywne;j.

Oceng AVCS przeprowadzono retrospektywnie przy uzyciu aplikacji syngo.CT CaScoring
(Siemens Healthcare, Erlangen, Niemcy). Na podstawie fazy natywnej badania TK
dokonano potautomatycznej oceny AVCS dla rekonstrukcji osiowych o grubosci 3,0 mm
12,0 mm (odpowiednio AVCShative3,0 1 AVCSnative2,0). Zmiany uznawano za zwapnienia,
zgodnie z algorytmem Agatstona, jesli ich gestos¢ wynosita >130 j. H. Zmiany sugerowane
przez aplikacje jako zwapnienia byly kategoryzowane jako zmiany w obrebie platkow
zastawki aortalnej lub pierScienia aortalnego, albo jako zmiany poza tymi strukturami.
Kategoryzacja zwapnien dla kazdego pacjenta byta weryfikowana przez konsensus tych

samych dwoch oceniajacych radiologdw.

Dawke promieniowania jonizujacego w analizowanych badaniach TK okreslono na
podstawie odczytu pomiaréw dokonywanych podczas akwizycji obrazu przez aparat TK.
Oznaczono objetosciowy wskaznik dawki (CTDIvol) oraz iloczyn dawka-dtugos¢ (DLP)
dla fazy natywnej, poswigconej ocenie AVCS oraz fazy angiograficznej stuzacej do oceny
zastawki aortalnej i opuszki aorty. Ponadto wyznaczono catkowitg warto§¢ DLP dla badania

TK serca i duzych naczyn z oceng AVCS.

Analizg statystyczng przeprowadzono przy uzyciu narzedzia "Dell Statistica 13" (Dell Inc.,

Round Rock, TX, USA).

AVCS, w zaleznosci od grubosci natywnych rekonstrukcji obrazu, w badanej grupie
pacjentow wynosil:  3690,54 + 2378,82 w przypadku grubosci warstwy 3,0 mm
(AVCShative3.0) 13457,03 £2190,81 w przypadku grubosci warstwy 2,0 mm (AVCSqative2.0).
Warto$ci AVCShaives.0 powyzej 3000 u m¢zezyzn i 1600 u kobiet przyjeto jako wskazniki
wysoce prawdopodobnej cigzkiej stenozy aortalnej, a warto§ci AVCShatives.0 powyzej 2000
u mezczyzn i 1200 u kobiet uznano za wskazniki prawdopodobnej cigzkiej stenozy
aortalnej. Pacjenci, u ktorych wartosci AVCSnatives.o byly nizsze niz 1600 u m¢zezyzn i1 800
u kobiet zostali zakwalifikowani jako osoby, u ktérych wystgpienie ci¢zkiej stenozy

aortalnej nie jest prawdopodobne. Srednia warto$é densyjnosci zakontrastowanej krwi
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w Swietle lewej komory i opuszki aorty wynosita 380,84 + 113,33 j. H. i 392,21 +
129,12 j. H. AVCS oszacowany na podstawie angiografii TK wynosit 2068,62 +1422,23
przy progu detekcji zwapnien podwyzszonym do 500 j. H. (AVCScrao,6 soonu) oraz 1372,39
+ 1044,53 przy progu detekcji zwapnien podwyzszonym do 600 j. H. (AVCSctao,6 600HU).
Przy obu wyzej wymienionych progach detekcji zwapnien oszacowanie wartosci AVCS
byto mozliwe odpowiednio w 76,47% 1 98,04% badan. W pozostatych przypadkach
wskazane progi detekcji byly niewystarczajace do odroznienia zwapnien od
zakontrastowanej krwi, w zwigzku z czym aplikacja syngo.CT CaScoring nie umozliwiata

generowania wynikow AVCS.

Na podstawie jednoczynnikowej analizy regresji wyodrebniono formuty matematyczne,
pozwalajace na obliczenie natywnego AVCS na podstawie warto$ci AVCS, oszacowanych

z obrazow fazy angiograficznej badan TK:

AVCShativez.0= 813.920 + 1.510 AVCScTA0.6 500 HU

AVCSpativez.o= 1235.863 + 1.817 AVCScTA0.6 600 HU

AVCShative2.0=797.471 + 1.393 AVCScTA0.6 500 HU

AVCShative2.0= 1228.310 + 1.650 AVCScTA0.6 600 HU

W grupie kobiet najwiekszg doktadnos$¢ predykcyjng uzyskano przy przyjeciu wartosci
AVCScraossoonu = 1569,00 jako predyktora wysoce prawdopodobnej cigzkiej stenozy
aortalnej. Dokladno$¢ tak przyjetego kryterium wynosita 100%. Natomiast w grupie
mezezyzn najwyzszg dokladno$¢ predykcyjng uzyskano przy przyjeciu wartosci
AVCScraos 600 Hu= 1234,00 jako predyktora wysoce prawdopodobnej ci¢zkiej stenozy
aortalnej oraz AVCSctao,6 600 Hu = 899,10 jako predyktora prawdopodobnej cigzkiej stenozy
aortalnej. Dokladno$¢ obu tych kryteriow wynosita 92,3%.

W zwiazku z pominigciem fazy natywnej badania, okreslona parametrem DLP wielkos¢
potencjalnej redukcji dawki promieniowania jonizujgcego — w przypadku szacowania
wartosci AVCS na podstawie fazy angiograficznej — wyniosta $rednio 30,50 + 26,85
mGy*cm. Stanowi to 4,45 + 1,54% catkowitej dawki promieniowania zastosowanej

w badaniu TK serca i duzych naczyn przed TAVI. Przy ograniczeniu badania jedynie do
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zastawki aortalnej (badanie obejmujace faze natywna, po§wigcong ocenie AVCS, oraz faze
angiograficzng, poswigcong ocenie zastawki aortalnej i opuszki aorty, z wylaczeniem fazy
angiograficznej, poswigconej ocenie wszystkich potencjalnych dostepow tetniczych do

zabiegu TAVI) redukcja dawki promieniowania stanowi 11,03 £ 7,96%.

Szacowana warto§¢ AVCS jest nizsza od rzeczywistej ze wzgledu na utracone w tej
metodzie zwapnienia o gestosciach pomigdzy 130 a 500 lub 600 j. H. W niniejszej pracy
udowodniono jednak, ze uzyskane wartosci szacowanej AVCS silnie koreluja
z rzeczywistymi warto$ciami AVCS (r pomigdzy 0,78 a 0,85). Przy zastosowaniu réwnan
regresji przeliczenie warto$ci szacowanych na rzeczywiste mozna przeprowadzi¢

z dopasowaniem 70%, a po uwzglednieniu plci pacjentow z 73% dopasowaniem.

Przeprowadzone badania prowadzg do wniosku, Ze opierajgc si¢ wylgcznie na fazie
angiograficznej badania TK serca i duzych naczyn mozna oceni¢ stopien uwapnienia
zastawki aortalnej — AVCS. Oszacowanie AVCS na podstawie fazy angiograficznej
badania TK - ze wzgledu na pomini¢cie natywnej fazy badania — skutkuje mniejsza

dawkq promieniowania jonizujacego.
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WNIOSKI

I1.1.

1.2.

2.1

2.2.

3.1.

3.2.

3.3.

Z przeprowadzonego przegladu literatury wynika, ze badanie TK przed zabiegami
TAVI stanowi ,,ztoty standard” w ocenie zastawki aortalnej i opuszki aorty oraz
dostepow naczyniowych. Wskazania do TAVI ulegaja poszerzeniu, w zwigzku

z czym rosnie liczba pacjentow, u ktorych beda wykonywane te badania.

W kazdym badaniu TK do problemu klinicznego 1 wlasciwosci pacjenta nalezy
dostosowa¢ mozliwosci sprzetu 1 umiejetnosci korzystania z protokotéw zgodnie
z zasadg ALARA. Do sposobow optymalizacji dawki promieniowania nalezy m. in.

racjonalne korzystanie z protokotéw oceny stopnia uwapnienia — Calcium Score.

Wielkos¢ dawki promieniowania w rutynowych badaniach TK wykonywanych
w procesie kwalifikacji do TAVI zasadniczo nie wplywa na powtarzalnos¢
pomiaréw zastawki aortalnej, co uzasadnia proby wykonywania tych badan

z zastosowaniem nizszych dawek promieniowania.

Ze wzgledu na wykazane pojedyncze korelacje pomiedzy dawka promieniowania
w badaniach TK wykonywanych w procesie kwalifikacji do TAVI a stopniem
powtarzalno$ci pomiarow zastawki aortalnej 1 opuszki aorty proponuje si¢, aby po
badaniach z nizszymi dawkami promieniowania nastepowata kontrola stopnia

powtarzalnos$ci tych pomiarow.

Opierajac si¢ wylacznie na fazie angiograficznej badania TK serca i duzych naczyn

mozna oceni¢ stopien uwapnienia zastawki aortalnej — AVCS.

Oszacowanie AVCS na podstawie fazy angiograficznej badania TK — ze wzgledu

na pominigcie natywnej fazy badania — skutkuje mniejsza dawka promieniowania.

Wielko$¢ potencjalnej redukcji dawki promieniowania, okreslona parametrem
DLP, w przypadku szacowania warto$ci AVCS na podstawie fazy angiograficznej
badania, w zwigzku z pomini¢ciem fazy natywnej wyniosta srednio 30,50 + 26,85
mGy*cm. Stanowi to 4,45 + 1,54% catkowitej dawki promieniowania zastosowane;j

w badaniu TK serca i duzych naczyn przed TAVI.
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STRESZCZENIE:

Zwezenie zastawki aortalnej — stenoza aortalna — jest najbardziej powszechng wada
zastawkowa w krajach rozwinietych. 81,9% zwezen zastawki aortalnej ma postac
degeneracyjno-zwapnieniowa. W zwigzku z wydluzaniem si¢ §redniej czasu trwania zycia
oraz starzeniem si¢ spoteczenstw czesto$¢ wystepowania zwezenia zastawki aortalnej
bedzie wzrasta¢, jednoczesnie narasta¢ bedzie rozpowszechnienie ci¢zkiej postaci stenozy
aortalnej. Leczeniem z wyboru u chorych z ci¢zkg stenoza aortalng jest wszczepienie
protezy zastawki w pozycje¢ aortalng. Dla duzej grupy osob starszych, obcigzonych licznymi
schorzeniami towarzyszacymi, ryzyko klasycznego zabiegu kardiochirurgicznego wymiany
zastawki aortalnej jest zbyt duze. Dla tej grupy chorych rozwiazaniem jest przezskorne
(przezcewnikowe) wszczepienie zastawki aortalnej (ang. Tramscatheter Aortic Valve

Implantation, TAVI).

W procedurze kwalifikacji do zabiegéw TAVI rutynowo wykonuje si¢ badania obrazowe,
ktére maja na celu okreslenie wymiarow zastawki aortalnej 1 opuszki aorty oraz mozliwosci
wykorzystania poszczegdlnych dostepoéw tetniczych. ,,Ztotym standardem™ jest obecnie

wykonywanie w tym celu badan tomografii komputerowej (TK) serca i duzych naczyn.

Pamigta¢ nalezy, ze badania tomografii komputerowej wigzg si¢ z narazeniem pacjenta na
promieniowanie jonizujace. Najpowazniejszym zrodlem narazenia na promieniowanie
jonizujagce  we  wspolczesnym  $Swiecie s3  wlasnie  ekspozycje medyczne,
a rozpowszechnienie badan TK powoduje, Zze metoda ta zajmuje tutaj znaczace miejsce.
Zgodnie z zasada ALARA (As Low As Reasonably Achievable) podczas wykonywania
procedur z wykorzystaniem promieniowania jonizujacego nalezy poszukiwacé sposobow
redukcji jego dawki, optymalnie przy zachowaniu odpowiedniej jako$ci uzyskanych
obrazow diagnostycznych, a czasem nawet kosztem nieistotnego obnizenia jakosci takich

obrazow.

Celem niniejszej pracy bylo poszukiwanie mozliwosci optymalizacji dawki
promieniowania jonizujacego w badaniach tomografii komputerowej w procedurze

kwalifikacji do zabiegu TAVI.

Rozprawe doktorska stanowi cykl trzech artykutdéw naukowych sktadajacy sie z jednej

pracy przegladowej oraz dwdch prac oryginalnych.
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W pracy przegladowej na podstawie dostepnego pisSmiennictwa omdéwiono wspotczesne
poglady na temat wplywu promieniowania jonizujgcego na organizmy zywe, zagadnienie
dawek promieniowania w badaniach oraz dokonano przegladu doniesien z duzych analiz
dotyczacych dawek promieniowania w badaniach uktadu sercowo-naczyniowego, w tym
badaniach przed zabiegami TAVI z ostatnich 10 lat. Przedstawiono wielkos$ci dawek
promieniowania przy zastosowaniu roznych protokotow badan. Dokonano réwniez analizy

sposobow obnizenia dawki promieniowania w badaniach TK.

W pierwszej pracy oryginalnej dokonano oceny zaleznosci migdzy dawka promieniowania
jonizujacego a powtarzalnos$cig pomiaréw aorty W badaniach TK serca i duzych naczyn
w ramach standardowej kwalifikacji do =zabiegow TAVI. Na podstawie analizy
statystycznej wykazano, ze wielkos¢ dawki promieniowania w rutynowych badaniach TK
w kwalifikacji do TAVI zasadniczo nie wplywa na powtarzalno§¢ pomiaréw zastawki
aortalnej i opuszki aorty, co uzasadnia proby wykonywania tych badan z zastosowaniem
nizszych dawek promieniowania. Jednakze ze wzgledu na pojedyncze, istotne statystycznie
zaleznos$ci pomiedzy dawka promieniowania a stopniem powtarzalno$ci wymiarowania
zastawki aortalnej 1 opuszki aorty proponuje si¢, aby po badaniach z nizszymi dawkami

promieniowania nastgpowala kontrola stopnia powtarzalnosci tych pomiarow.

W drugiej pracy oryginalnej dokonano oceny mozliwos$ci obnizenia dawki promieniowania
jonizujgcego W badaniach TK przed zabiegami TAVI na podstawie oszacowania wskaznika
uwapnienia zastawki aortalnej z obrazow fazy angiograficznej, zamiast dedykowanej do
tego osobnej, natywnej serii badania. Wskaznik ten wykorzystywany jest jako dodatkowy
parametr w kwalifikacji do zabiegéw TAVI u pacjentéw z niskogradientowym zwezeniem
zastawki aortalnej 1 zachowang frakcjg wyrzutowg lewej komory. W pracy wykazano, ze
w oparciu o obrazy fazy angiograficznej badania TK mozna oceni¢ stopien uwapnienia
zastawki aortalnej, co — ze wzgledu na pominigcie natywnej fazy badania — skutkuje
mniejszg dawka promieniowania jonizujacego. Wielko$¢ osiagnietej w ten sposob
potencjalnej redukcji dawki promieniowania jonizujgcego okre§lona parametrem DLP
W niniejszej pracy wyniosta $rednio 30,50 + 26,85 mGy*cm, co Stanowi 4,45 + 1,54%
calkowitej dawki promieniowania zastosowanej w badaniu TK serca i duzych naczyn przed

TAVI.
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SUMMARY

Aortic valve stenosis - aortic stenosis - is the most common valvular defect in developed
countries. 81.9% of aortic valve stenosis is degenerative and calcified. With increasing life
expectancy and an aging population, the incidence of aortic valve stenosis will increase, at
the same time, the prevalence of severe aortic stenosis will increase. The treatment of choice
for patients with severe aortic stenosis is implantation of a valve prosthesis in the aortic
position. For a large group of elderly patients, burdened by numerous comorbidities, the
risk of classical cardiac surgery for aortic valve replacement is too high. For this group of
patients, the solution is percutaneous (transcatheter) aortic valve implantation (TAVI).

In the qualification procedure for TAVI, imaging studies are routinely performed to
determine the dimensions of the aortic valve and aortic leaflet, as well as the feasibility of
using particular arterial accesses. "The gold standard” nowadays is to perform computed

tomography (CT) scans of the heart and great vessels for this purpose.

It should be remembered that CT scans involve patient exposure to ionizing radiation. The
most serious source of exposure to ionizing radiation in the modern world is just medical
exposures, and the prevalence of CT examinations makes this method occupy a significant
place here. According to the ALARA (As Low As Reasonably Achievable) principle, when
performing procedures with ionizing radiation, one should look for ways to reduce its dose,
optimally while maintaining the quality of the obtained diagnostic images, and sometimes

even at the expense of a negligible reduction in the quality of such images.

The purpose of this dissertation was to seek ways to optimize the dose of ionizing

radiation in CT scans in the qualification procedure for TAVI.

The dissertation is a series of three scientific articles consisting of one review paper and two

original papers.

The review paper, on the basis of the available literature, discusses contemporary views on
the effects of ionizing radiation on living organisms, the issue of radiation doses in
examinations, and reviews reports of large studies on radiation doses in cardiovascular

examinations, including examinations before TAVI procedures from the last 10 years. The
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magnitudes of radiation doses using different study protocols are presented. Ways to reduce

radiation dose in CT examinations were also analyzed.

In the first original study, the relationship between the dose of ionizing radiation and the
repeatability of aortic dimension measurements using cardiac and large vessel CT as part of
the standard qualification for TAVI procedures was evaluated. Based on statistical analysis,
it was shown that the amount of radiation dose in routine CT examinations in TAVI
qualification generally does not affect the repeatability of aortic valve measurements,
justifying attempts to perform these examinations with lower radiation doses. However,
because of the single statistically significant relationship between radiation dose and the
degree of reproducibility of aortic valve sizing, it is proposed that examinations with lower
radiation doses should be followed by a check of the degree of reproducibility of aortic

valve sizing.

The second original paper evaluates the possibility of lowering the radiation dose in CT
examinations before TAVI procedures based on the estimation of the aortic valve
calcification index from angiographic phase images, instead of a dedicated separate native
examination series. This index is used as an additional parameter in the qualification for
TAVI procedures in patients with low-grade aortic valve stenosis and preserved left
ventricular ejection fraction. The study shows that based on the angiographic phase images
of the CT scan, it is possible to assess the degree of calcification of the aortic valve, which,
due to the omission of the native phase of the scan, results in a lower dose of ionizing
radiation. The magnitude of the potential reduction in ionizing radiation dose thus achieved,
as determined by the DLP parameter in the present study, averaged 30.50 + 26.85 mGy*cm,
or 4.45 + 1.54% of the total radiation dose applied to CT examination of the heart and great
vessels before TAVI.
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Abstract: We discussed the contemporary views on the effects of ionising radiation on living organ-
isms and the process of estimating radiation doses in CT examinations and the definitions of the
CTDI, CTDIvol, DLP, SSDE, ED. We reviewed the reports from large analyses on the radiation doses
in CT examinations of the coronary arteries prior to TAVI procedures, including the CRESCENT,
PROTECTION, German Cardiac CT Registry studies. These studies were carried out over the last
10 years and can help confront the daily practice of performing cardiovascular CT examinations in
most centres. The reference dose levels for these examinations were also collected. The methods to op-
timise the radiation dose included tube voltage reduction, ECG-monitored tube current modulation,
iterative and deep learning reconstruction techniques, a reduction in the scan range, prospective study
protocols, automatic exposure control, heart rate control, rational use of the calcium score, multi-slices
and dual-source and wide-field tomography. We also present the studies that indicated the need to
raise the organ conversion factor for cardiovascular studies from the 0.014-0.017 mSv/mGy*cm used
for chest studies to date to a value of 0.0264-0.03 mSv/mGy*cm.

Keywords: computed tomography; cardiovascular system; radiation dose; TAVI procedures

1. Introduction

Fifty years have passed since the invention of computed tomography by Sir Godfrey
Hounsfield in 1972. During this time, this method has revolutionised imaging diagnostics
in medicine [1]. The first application of computed tomography with ECG acquisition
monitoring was implemented by George Harell and Diana Guthaner from Stanford Univer-
sity [2] in 1978, and the images of the heart obtained by this team, including the coronary
vessels in computed tomography, were published in 1979 [3]. Today we would judge these
images as very imperfect, as they were created using sequential computed tomography:.
The extensive use of computed tomography in heart diagnostics became possible only after
the introduction of the helical acquisition method and the improvement of the temporal
and spatial resolution of CT machines in the following years. In 1992, the images from the
one-slice camera were published. In 1994, a retrospective reconstruction technique was
developed from the ECG-gated studies. In 1999, four-slice computed tomography was
introduced, followed by 16-slice in 2002 [4,5].

Currently, cardiac computed tomography is part of the guidelines of the European
Society of Cardiology and repeated by the Polish Society of Cardiology. In the diagnosis
of chronic coronary syndromes, CT is recommended as an initial test for the diagnosis
of coronary artery disease for symptomatic patients when coronary artery disease with
stenoses in the coronary arteries cannot be ruled out by clinical assessment alone. It is
recommended that CT be considered as an alternative to invasive coronary angiography
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(ICA) if the results of the other non-invasive tests are inconclusive or non-diagnostic [6].
On the other hand, in the diagnosis of acute coronary syndromes, CT is recommended as
an alternative to ICA to exclude the acute coronary syndrome if the probability of coronary
artery disease is low or moderate and when the cardiac troponin levels and/or ECG results
are normal or inconclusive [7].

As a result of significant technological development of the apparatus, cardiac CT
achieves a temporal resolution of 76 ms and a spatial resolution of 0.5 mm. However, it still
lags behind the capabilities of ICA, which allows for a time resolution of 8 milliseconds
and a spatial resolution of 0.2 mm [8].

It should be remembered that the dissemination of CT examinations are the most
serious source of exposure to ionising radiation in the modern world. In the 20 years
following 1990, the use of CT in the United States has increased approximately 20-fold.
The share of radiation from diagnostic imaging sources in the total radiation exposure has
increased from 20% of the total effective radiation dose (ERD) per capita to over 50%, half
of which was related to CT [9].

In computed tomography, we use Roentgen rays (X-rays). They are a type of non-
particle electromagnetic radiation with a wavelength of 5 pm to 10 nm, located in the
electromagnetic radiation spectrum above ultraviolet, partially overlapping with gamma
radiation. They are formed in X-ray tubes during the braking of the stream of accelerated
electrons that are released from the cathode at the anode of the tube. Braking radiation
(involving characteristic radiation, depending on the anode material) is ionising radiation,
which means it can cause the release of free electrons as they pass through matter and can
cause damaging effects to the tissues of the living organisms exposed to them.

The harmful effects of ionising radiation can be divided into stochastic and determin-
istic, or early and late, according to another division. Stochastic radiation causes effects
where the likelihood (but not severity) is directly proportional to the dose. This include
malignant tumours and damage to the genetic material. If they arise in the reproductive
cells of the body, they can lead to genetic disorders in offspring. These effects occur after a
long latency period—from five to 20 or even 40 years after the exposure to the radiation.
Deterministic radiation causes effects that are dose-dependent in their likelihood and sever-
ity, but do not occur below a certain dose level (threshold dose). These include, among
others, cataracts, hair loss, pulmonary fibrosis, necrosis of the digestive tract, skin erythema,
skin necrosis and radiation sickness. These effects occur immediately after the exposure
to the radiation, most often within 2 to 4 weeks. They are associated with an exposure to
high doses above 100 mGy. With regard to the stochastic effects, the concept of a linear,
non-threshold probability of their occurrence is adopted, where even the lowest dose of
radiation causes a certain risk of cancer. The doses used in diagnostic imaging, referred
to as low linear energy transfer (LET) radiation, are typically below 100 mSv and have
stochastic effects [8,10]. It is assumed that the stochastic effects occur randomly and that
the risk of their occurrence depends on the type of ionising radiation, the type of tissue
irradiated and the age of the examined person. It is believed that the dose fractionation
does not significantly modify the stochastic risk and that the stochastic risk is cumulative,
increasing with subsequent exposures [8].

Determining the degree of risk for the doses used in diagnostic imaging is not easy.
Researchers have learned about the effects of ionising radiation on the human body from
catastrophic events, such as the analysis of the effects of the nuclear explosions in Hiroshima
and Nagasaki and atmospheric nuclear test explosions; disasters related to damaged nuclear
reactors, in particular in Chernobyl (1986) and Fukushima (2011); and errors in imaging
diagnostics related to exceeding radiation doses. The source of this information is also
stems from research on the occupational exposure to radiation; the exposure from medical
sources, e.g., in patients with tuberculosis who received high doses of X-rays as a result
of repeated fluoroscopy; the analysis of natural environmental exposures related to living
in areas with high background radiation; and artificial exposures, e.g., related to the use
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of building materials containing radioactive elements. Based on such data analysis, risk
models were constructed [8].

The most widely accepted cancer risk models are presented in the Biologic Effects
of Ionizing Radiation (BEIR) Committee report. The committee is part of the American
National Research Council, operating under the auspices of the US National Academy of
Sciences. It publishes reports on ionising radiation effects. In the VII Report of 2006, a
linear, no-threshold correlation was assumed between the exposure to radiation and the
risk of cancer. According to this model, even the lowest dose of radiation carried some risk
of cancer [11].

According to the BEIR VII report, for every 100,000 people who received an overdose
of ionising radiation of 100 mSy, the lifetime attributable risk (LAR) was 510 in 100,000.
Therefore, five out of 1000 people exposed to such radiation would die from malignant
tumours caused by this radiation. For a radiation dose of 10 mSy, the lifetime LAR would
be approx. one in 1000. On the other hand, the number of all the cases of malignant
neoplasms, not only the fatal cases, predicted in this model was twice as high [9].

A significant proportion of the 25,000 survivors of the Hiroshima and Nagasaki nuclear
explosions received radiation doses below 50 mSv. This group included individuals of all
age categories and who had not been selected based on any underlying disease. However,
it was an ethnically homogeneous group. The main negative effect in this group was an
increase in the number of malignancies [8].

In 2007, the observations of 407,391 nuclear industry workers from 15 countries were
published. The period covered by the study was as much as 20 years, which resulted in
over five million person-years of observation. It involved the largest cohort to date, was
conducted using accurate dosimetry and involved employees from many ethnic groups.
The disadvantage of this study was that 90% of the study group was comprised of men
who received as much as 98% of the cumulative dose of radiation. Additionally, it had lack
of reference to the time when the cumulative dose was received by each of the participants.
However, people employed for less than 1 year were excluded from the study. Most of
the workers were employed in nuclear energy production facilities; the remaining plants
specialised in various types of activities, including scientific research, waste management
and the production of nuclear fuel, isotopes and weapons. The workers were exposed to
X-rays and gamma rays. Approx. 90% of the people received cumulative doses below
50 mSv and the average dose was 19.4 mSv. Less than 0.1% received cumulative doses
greater than 500 mSv. The study, therefore, provided information on the effects of the
exposure to radiation doses similar to those used in cardiac CT scans. The authors reported
an excessive relative risk of all-cause mortality of 0.42/Sv (0.00042/mSv) and a statistically
significant increase in the excessive relative risk with the increasing radiation doses. The
increased risk of all-cause mortality was mainly due to the increases in mortality from all
cancers except for leukaemia and lung cancer. Among the 31 types of malignancies that
were analysed, a significant relationship was identified for lung cancer and a borderline
significant relationship for multiple myeloma as well as unspecified and secondary cancers.
The doses received before age of 35 were associated with a lower risk for all cancers, except
for leukaemia, than the doses received later [8,12].

The authors of a paper published in 2005 presented three cases of transient, bandage-
shaped hair loss in the patients who underwent two DSA studies of cerebral vessels, two
or more cerebral CT perfusion examinations with a tube current of 200 mA and several
CT scans of the brain without CM within 15 days of subarachnoid haemorrhage. The
radiation exposure to the scalp was estimated to be approximately 1.93 Gy in each cerebral
CT perfusion study with a 200 mA tube current. The DLP of the cerebral CT perfusion
protocol was 6.04 Gy-cm. The hair loss started on day 22 after the first CT scan. The loss
was transient and lasted the longest at 92 days [13].

The harmful effects of ionising radiation are associated not only with an increased
risk of developing cancer, but also with direct effects on the tissues and organs of the
cardiovascular system. The importance of this problem is increasing due to the growing
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number of patients who have undergone radiotherapy, going on to live their lives as cured
cancer patients, and due to an increasing exposure to ionising radiation associated with
medical diagnostics.

Most experimental and clinical studies relating to the effects of radiation on the
cardiovascular system involve doses above 2 Gy. The excess relative risk per Gy for
cardiovascular disease is estimated to be in the range of 0.1-0.2 1/Gy and is lower than the
cancer risk [14].

Cardiovascular disease caused by high doses of ionising radiation has been observed in
American radiologists, emergency workers who entered the Chernobyl zone in 1986-1987
and were exposed to doses above 150 mSy, British Nuclear Fuels Plc employees, adults
who were treated using radiotherapy in childhood and adolescence for cancer, women
after radiotherapy treatment for breast cancer and in survivors of a nuclear explosion
with a radiation exposure above 500 mSv [15]. A study involving a group of more than
70,000 women diagnosed with breast cancer in Denmark and Sweden between 1976 and
2006 showed an increased risk of ischaemic heart disease, pericarditis and valvular disease
in the patients treated for left breast tumours who received higher radiation doses to the
heart area (mean 6.3 Gy) compared to the women treated for right breast tumours (mean
cardiac dose 2.7 Gy) [16,17]. The cardiovascular mortality was also significantly higher
in a case-control study of Chernobyl clean-up workers between 1992 and 2006 who were
exposed to an average external gamma radiation dose of 128 mSv. A possible association
between increased cardiovascular mortality and low radiation doses (with mean cumulative
radiation doses of 20.7, 24.9 and 21.5 mSy, respectively) was evident from studies of nuclear
workers [15,17]. In an analysis of the studies on the effects of whole-body irradiation with
an average cumulative dose of less than 0.5 Sv or less than 10 mSv/day, four categories
of cardiovascular diseases were assessed, namely ischaemic heart disease, non-ischaemic
heart disease, cerebrovascular disease and other cardiovascular diseases. The relative
excess risk values were 0.1/Sv, (95% CI) for ischaemic heart disease, 0.21/Sv, (95% CI), for
cerebrovascular disease and 0.19/Sv, (95% CI) for non-ischaemic cardiovascular disease
and stroke [17]. A study on the association between occupational exposure to low-dose
ionising radiation in 11,500 workers in diagnostic medical facilities in South Korea and the
incidence of cardiovascular disease estimated the relative excess risk for all cardiovascular
diseases at ERR/100 mGy to be 0.14 [17].

The primary and initial cause of cardiovascular disease induced by ionising radiation is
vascular endothelial damage. The primary mechanism of endothelial damage is oxidative
stress, defined as an imbalance between the formation of oxygen free radicals and the
activity of enzymatic and non-enzymatic antioxidant mechanisms. Its consequences are
DNA damage, changes in the gene expression (epigenetic), mitochondrial dysfunction,
increased production of pro-inflammatory cytokines, activation of the mechanisms of cell
ageing (senescence) and cell apoptosis.

In the first stage of the interaction between radiation and tissue, the water radiolysis
products are formed, including hydroxyl radicals (-OH), hydroperoxyl radicals (HO, ")
and hydrogen peroxide (H>O,). They are rapidly degraded, but the oxidative stress persists
after the irradiation due to the endogenous cellular production of the reactive oxygen
species mediated by the mitochondria [16].

Ionising radiation also causes reduced proliferation and apoptosis of the smooth
vascular wall muscle cells [17].

In the next stage, these processes contribute to the formation and progression of
atherosclerosis. The radiation-induced atherosclerotic plaques show a high inflammatory
activity and have a reduced fibrous cap [14]. Following atherosclerosis, vascular stenosis de-
velops for up to several decades after the exposure to ionising radiation. The atherosclerotic
plaques can cause acute coronary syndromes, cerebrovascular incidents and peripheral
ischaemia in the large and medium-sized arteries, and coronary microvascular dysfunction
can lead to heart failure with a preserved ejection fraction [17].
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Ionising radiation also leads to damage of the microcirculation. The radiation-induced
damage of the capillary bed causes fragile and bleeding-prone telangiectasias, which de-
velop 6 months to years after the radiation exposure. The radiation-induced damage of the
renal microcirculation, or atherosclerosis of the renal artery, can lead to renin hypertension.
Damage to the microcirculation in the lungs can lead to pulmonary hypertension and
additional myocardial strain [14].

The radiation-induced fibrotic processes are a consequence of an inflammatory re-
sponse involving the mast cells mediating the collagen deposition in the cardiac tissues.
This process produces senescent fibroblasts that are metabolically active for many decades
and produce increased amounts of collagen. Such reactions to radiation are observed in all
tissues, including the heart. They can lead to cardiac arrhythmias [14].

After high-dose irradiation above 40 Gy, one of the earliest adverse effects is pericardi-
tis, which appears after a few months and is characterised by the exudation of protein-rich
fluid in the pericardial sac. In the subsequent course, it can lead to chronic constrictive
pericarditis due to the formation of fibrous tissue, causing the thickening and rigidity of
the pericardial sac. However, this is now extremely rare during radiotherapy due to the
early initiation of prophylaxis [16].

Ionising radiation induces the osteogenic transformation of the valve interstitial cells
and increases the production of osteogenic enzymes and cytokines and the deposition
of the calcium phosphate deposits, with a consequent impairment of the valve function
(insufficiency and/or stenosis) [14].

2. Dose Definitions and Applications in Computed Tomography

In radiological practice, we encounter the terms CTDIvol, the volumetric computed
tomography dose index, and DLP, the dose-length product, which are calculated using the
algorithms of the CT machine, presented on the screen of the CT scanner work console and
saved in the DICOM format in the radiation dose structured report (RDSR). In 1981, the
definitions of the computed tomographic dose index (CTDI) and the multiple scan average
dose (MSAD) were introduced. The definition of the CTDI has changed as a new generation
of CT technologies have developed. The implementation of multi-slice CT scanners and CT
scanners that use wide beams of radiation has affected the CTDI'’s ability to determine the
radiation dose accurately. Since 2002, device manufacturers have been required to display
the tomographic volumetric dose index (CTDIvol) and the dose-length product (DLP) on
the operator’s console. The predicted value of the CTDIvol appears on the console after the
topogram is executed and before starting the actual study. It can be used to estimate the
dose even before the test is performed [1,18,19]

2.1. MSAD—Multiple Scan Average Dose

The MSAD determines the average radiation dose delivered during the examination
to the covered area when scanning in multiple, continuous layers. It is a measure of the
average absorbed dose, expressed in mGy. It is defined as the average dose in the central
layer of a series of multiple layers (each of a certain thickness) when there is a constant
gap between the successive layers. To measure the MSAD, one would place the radiation
detector in a phantom simulating the patient (an anthropomorphic phantom) and perform
a CT scan according to a specific protocol, taking the dose readings layer by layer. The
MSAD value is the average dose in the centre area of the study. It is typically 1.25-1.4 times
the dose of a single layer because it includes the measurements resulting from the exposure
of the overlapping adjacent layers and from the diffuse radiation. This parameter did not
catch on because the direct measurement of the MSAD requires multiple exposures, and in
the early years of CT, testing was very time consuming. In practice, the tomographic dose
index (CTDI), an alternative, more convenient way of dose estimation, is preferred, which
saves a significant amount of time. In this case, the MSAD is defined as the ratio of the ply
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width to the ply spacing multiplied by the CTDI. If the pitch factor is one, then the MSAD
= the CTDI [1,1,18].
MSAD =T/I1CTDI

2.2. CTDI—Computed Tomography Dose Index

This is the dose measured during a single rotation of the lamp detector system using a
pencil ionisation chamber with a measuring part length of 10 cm. The ionisation chamber is
placed in a 14 cm-long cylindrical phantom, composed of plastic (PMMA) with a diameter
of 16 cm (head phantom) or 32 cm (torso phantom), as shown in Figure 1.

Figure 1. Acrylic phantom used for dosimetry in CT. Here, a 32 cm diameter phantom (torso) with
nine holes. A pencil probe sits in the central hole with an ionization chamber. The visible laser lines
position the phantom in the gantry.

The measurements are taken in the holes located along the axis of the phantom and in
the four holes on its perimeter, 1 cm below the surface of the phantom at every 90 degrees.
It is not an anthropomorphic phantom as the measured dose is the dose absorbed in the
air, not in the human body. The weighted average is calculated from the measurement
in the centre of the phantom and the arithmetic mean of the measurements from the
four circumferential holes. The current definition of the index was standardised by the
International Electrotechnical Commission (IEC) in 2002. Its main advantage is that it can be
used to estimate further indexes used in CT dosimetry, such as the volumetric tomographic
dose index (CTDIvol) and the dose-length product (DLP) [1,1,12,18].

2.3. CTDIvol—Volumetric Computed Tomography Dose Index

The CTDI value is determined by measuring the ionisation chamber during a single
revolution. In the sequential mode testing, the lower the dose, the greater the table travel
between the successive layers. In the spiral (helical) mode testing, the lower the dose, the
greater the spiral pitch (pitch factor) [19]. While the CTDI refers well to the sequential
scanning modes, the helical (spiral, or otherwise: volumetric) mode of scanning is so
different that the measurements from a dose during a single revolution are insufficient.
In 2002, the concept of the volumetric computed tomography dose index (CTDIvol) was
introduced, which takes into account, among other things, the pitch factor during the
helical scanning. A requirement has also been introduced for the CTDIvol value to be
presented on the tomograph operator’s console. This value does not have to be obtained
on a specific camera. Instead, it may simply be the typical value for a specific camera
model. During the specialist tests, in the case of the measurements for the spiral mode
of acquisition, the measurements are taken using the sequential mode. For all the other
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parameters (voltage, current, collimation, etc.) the measurements are taken in the spiral
mode, and the calculations are made depending on the pitch [19].

CTDI = CTDlvol if pitch = 1

The formula CDTIvol = n — CTDIw is used for the mode in which the camera performs
n lamp revolutions in one table position, without moving the table.

The 2002 definition for the pitch can be stated as CTpitch factor = Ad/NT

With the advent of multi-slice computed tomography and the extension of the radiation
beam—now up to 16 cm—the method of measuring the dose in specialised tests had to be
modified. In the case of wide radiation beams, a 10 cm-long ionisation chamber does not
register a large part or even most of the scattered radiation. Sometimes it even registers
a part of the radiation beam itself, which can exceed 10 cm in width. Thus, the dose is
underestimated. This is not significant in the case of beams up to 4 cm wide, while in the
case of wider beams, underdosing is significant. This problem is addressed by the 2012
standard. The measurement must be taken using an ionization chamber with a length of
at least 4 cm greater than the beam width. Therefore, 10 cm chambers can be used for
beam widths up to 6 cm. In the case of wider beams, e.g., a 16 cm beam, longer ionisation
chambers should be used, in this case 20 cm. If such a chamber is not available, then a
standard chamber with a length of 10 cm can be used, but the measurements should be
taken several times. The ionisation chamber should be shifted in relation to the axis of the
gantry, and the measurement results should be added. The 2012 standard also defines the
CTDIvol definition for the shuttle acquisition method used in the organ perfusion studies.
The device console should also display information about the diameter of the phantom
(16 cm or 32 cm) used for the CTDIvol measurement. The smaller the phantom, the greater
the marked dose. The dose for the same exposure parameters will be approximately twice
as high when using the 16 cm phantom compared to the 32 cm phantom. In the specialised
testing, the deviation of the CTDIvol from the value displayed on the CT console is expected
to be less than £20%.

2.4. DLP—Dose-Length Product

The dose-length product (DLP) values are usually presented to the CT operator at the
end of the examination and provide a convenient summary of the total amount of radiation
that has been emitted to the patient. The DLP was defined as the product of the CTDIvol
and the scan length (L), expressed in milligreys x centimetres. The DLP determines the
radiation dose used in the examination, depending on the scope of the study, which is not
taken into account by the CTDI and CDTIvol. It is important to note that this is still not the
patient dose. When examining the different body regions, the DLP values should not be
added together to calculate the patient dose. The DLP value obtained from each of the study
ranges should be multiplied each time by a different organ conversion k-factor [1,8,19,20].

2.5. SSDE—Size-Specific Dose Estimates

The SSDE is expressed in milligrays (mGy) and requires the determination of the
patient’s body size. The bilateral dimension (LAT) can be determined from the topogram.
If two topograms are planned in the study protocol for the orthogonal projections, then
the anteroposterior dimension (AP) can be determined from the second topogram. After
the examination, the AP and LAT dimensions can be marked from the CT scan axial
images. The dimensions of the AP and LAT are added together or the effective diameter
is determined, i.e., the square root of the product of the AP and LAT. Then, from the
appropriate tables, the conversion factor for the LAT dimensions or the converted AP and
LAT are multiplied by the CTDIvol values from the CT device for a given examination. The
coefficients are the same for all the study types but different for the different phantoms
used for the dose estimation. They were created based on the Monte Carlo calculations for
anthropomorphic phantoms [1,18].
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2.6. ED—Effective Dose

The effective dose (ED) reflects the biological risk of the radiation exposure and
corresponds to the dose received by the whole body. Uniform irradiation is needed to
generate the same stochastic risk as the dose delivered to a part of the body during a
particular CT scan. It is used to relate the different doses received by the different tissues to
the total sum of the stochastic effects. It allows for the dose in a CT scan to be compared to
the doses received in the other medical tests [8,21].

Its definition was introduced by the ICRP in 1991. It is calculated by adding the doses
absorbed by all the organs under examination and multiplying them by the appropriate
weighting factors, taking into account their sensitivity to radiation [5,8,19,21].

The unit of measurement for the effective dose is the sievert (Sv) or millisievert
(mSv) [5,8,19,21], as shown in Figure 2.

CTDI
measured during a single rotation of
the lamp-detector system using a
pencil ioniszation chamber with a
measuring part length of 10 cm

[mGy]

CTDIvol

takes into account the specifics of
helical scanning

DLP
DLP = scan lenght / CTDIvol
akes into scan lenght

ED
ED=k x DLP
[mSv]

takes into account the pitch factor
typical value for a given model of
scanner is presented on the screen of
the operating console of the CT
scanner

is presented on the screen of the
operating console of the CT scanner

k - organ conversion factor

{mGy*cm]

[mGy}

Figure 2. Methodology of the radiation dose estimation in the CT examinations.

The effective dose is considered the best parameter to quantify the radiation received
by the patients undergoing the ionising radiation testing and to compare the risks associated
with the different types of examinations. In the CT scans, the effective dose is most
commonly estimated by multiplying the dose-length product (DLP) value displayed on the
dose report of each CT scan by the organ conversion k-factor.

ED =k x DLP

The methods for determining the tissue conversion factors (k) can be varied. They
can be determined by dividing the effective doses, calculated using the Monte Carlo
simulations performed in math or voxel phantoms, by the DLP values for the relevant
studies [19,22]. Commercial CT dosimetry software packages can be used [20]. The direct
radiation measurements in the anthropomorphic phantoms can also be employed by using
radiochromic films (RCF) or metal-oxide-semiconductor field-effect transistor (MOSFET)
radiation detectors [23].

The normalised organ conversion k-factor has different values for the different body
regions and takes into account the radiosensitivity of the organs in the body region that is
under examination. The adopted conversion factors are independent of sex and age, and
they determine the risk for the theoretical body of a 30-year-old hermaphrodite. They are
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also independent of the patient size. However, in the case of a specific patient, the actual
risk of cancer may be up to three times higher or lower [8,23].

The definition of the effective dose introduced by the ICRP refers to the weighting
factors that take into account the sensitivity of the organs to radiation. They have already
been modified and will most likely continue to be changed in the future as knowledge
advances. Published in 2007 (ICRP publication 103), a new set of tissue weighting factors
increased the effective dose value for cardiac imaging by approximately 30-50% compared
to the previous versions from 1996. This was mainly due to an increase in the tissue
weighting factor for breast tissue, the value of which increased from 0.05 to 0.12. Previously,
it was 0.15 in 1977, but was reduced to 0.05 in 1991. Since the breasts are directly irradiated
by the X-ray beam during CT scans of the heart, together with the lung dose, they are the
main dose-determining organs that are effective in cardiac CT scans. In cardiac CT scans,
the equivalent organ dose (expressed in mSv) to the breast may be significantly higher
than the effective dose (also expressed in mSv). Therefore, confusion between these terms
should be avoided [8,19,21,23].

Due to its imperfections, the effective dose cannot be used to assess the radiation risk
for a particular patient. The ICRP emphasises that the effective dose is intended for use
in radiation protection and should not be used for the epidemiological assessment or the
estimation of specific human exposures. Nevertheless, it remains the most widely used
parameter to compare radiation exposure across the test methods and protocols [19,21,23].

3. Radiation Doses in Cardiovascular CT Scans—A Review of Reports

The radiation doses used in cardiovascular CT scans are not low. During these
examinations, the largest doses of radiation are absorbed by the lungs and breasts, which
are the organs most sensitive to radiation-related damage. Younger patients are clearly
more sensitive to radiation and are more likely to develop lymphoma and breast cancer, so
attention should be paid to the radiation doses used during cardiac CT scans in children
and young adults. Women who are screened during breastfeeding are particularly at risk of
developing breast cancer. The radiation doses to which the breasts are exposed in cardiac CT
examinations exceed the doses associated with mammography in two projections (3 mGy).
In turn, the risk of lung cancer is potentially higher in the elderly due to advanced age and
the possible synergistic carcinogenic effects of tobacco smoke and ionising radiation [8,10].

In the CORE-64 study, the mean effective dose on the coronary CT scans was 19 mSv
(range 16-26 mSv), as determined by the Monte Carlo simulations for the 64-slice Aquillion
scanner and calculated according to the ICRP report 103 of 2007. The mean effective dose
for the entire cardiac CT protocol, including the topograms, calcium score, contrast bolus
monitoring and coronary vessels CT was 22 mSv (range 18-30 mSv). The calcium score
doses ranged from 1.7 to 2.6 mSv. The contribution of the topograms and contrast agent
bolus monitoring was very small, at <0.3 mSv. The highest mean organ equivalent doses
associated with the cardiac CT scans for the normal body patient models were observed as
38 mSv for the breasts, 35 mSv for the lungs, 32 mSv for the liver, 29 mSv for the stomach
and 27 mSv for the oesophagus. In the case of distant organs, the dose was 0.2 mSv or
less for the bladder, ovaries—0.2 mSv or less for the ovaries and 0.02 mSv or less for the
testicles [24].

For the study, the doses of over 35,000 coronary artery CT scans that were performed
at the University Center in Nanjing (China) in 2007-2016 with the use of 1st- and 2nd-
generation dual-source scanners (Somatom Definition and Somatom Flash, Siemens Health-
ineers, Forcheim, Germany) were analysed. I median values were 47.4 mGy for the CTFIvol
(value range 25.1-61.1 mGy), 661.2 mGy*cm for the DLP (value range 315.2-940.0 mGy*cm)
and 66.9 mGy for the SSDE (value range 38.5-97.3 mGy). The radiation doses decreased
after the implementation of the 2nd-generation dual-source computed tomography (Defini-
tion Flash) and reached the lowest level in the last year of the analysed period, where the
CTDIvol was 23.1 mGy (value range 15.7-32.4 mGy), the DLP was 268.2 mGy*cm (value
range 183.0-393.6 mGy*cm) and the SSDE was 32.5 mGy (value range 22.9-45.2 mGy). The
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median CTDIvol for the studies in the retrospective acquisition protocol was 57.9 mGy
(range 47.2-59.0 mGy), approximately 116.9% higher compared to the prospective sequen-
tial acquisition and 185.2% higher compared to the prospective helical with the use of a
high pitch. After the CABG, the patients received higher radiation doses than a classic
coronary CT scan, while the highest doses were received by the patients with arrhythmia.
The calcium score studies were excluded from the dose analysis in this study [25].

In the analysis of 5000 patients examined in German centres from the years 2009-2014,
the median DLP in the calcium score scan was 40 mGy*cm. In the case of the CCTA,
it was 255 mGy*cm, which decreased from 397 mGy*cm at the turn of 2009 and 2010
to 176 mGy*cm from 2011-2017. In this study, a significant percentage of coronary CT
examinations in the prospective acquisition protocol was noteworthy, which increased from
67.5% to 82.2% in the analysed period, while the share of the studies with retrospective
acquisition without the dose modulation decreased from 5.3% to 1.6% [26].

In a paper from 2012, A. Sarma et al. provided the estimated radiation doses for the
calcium score scans at an average of 3.0 mSv (dose range 1.0-12.0 mSv), for coronary CT at
an average of 8.7-16 mSv (dose range 1.0-32.0 mSv) and for the triple rule-out study at an
average of 4.0-31.8 mSv (range 7.5-19.4 mSv). These doses, converted to the DLP using the
value of the coefficient k = 0.017 were 214 mGy*cm for the calcium score, 621-1143 mGy*cm
for the coronary arteries CT and 286-1386 mGy*cm for the triple rule-out study [10].

When comparing the doses used in the studies pooled from the four centres in Saudi
Arabia, the median DLP values were 320-432 mGy*cm on the Siemens Somatom scanners
and 1112 mGy*cm on the Philips Ingenuity scanner (Philips Healthcare, Amsterdam, The
Netherlands). The authors mentioned that the exposure parameters, such as the tube
voltage (kVp), exposure time product (mAs), pitch settings, layer thickness and scan
length, may have affected the patient radiation exposure and image quality. One of the
labs (equipped with the Somatom scanner), regardless of the patient’s BMI and clinical
conditions, used a constant tube voltage, rotation time, pitch and layer thickness, which
overexposed the patient to the radiation dose. The high dose at the Philips facility was
not associated with high DLPvol value (33.1 mGy) but with the use of long scan ranges.
The mean effective dose on a coronary CT scan was 15.2 &= 8 mSv and ranged from 1.2
to 61.8 mSv. The highest DLP value in the analysed studies was 3277 mGy*cm. Since the
average expected radiation risk from the coronary CT scans was one in 1000, the risk from
this highest dose could be estimated as one case of malignancy in 300 scans. This increased
cancer risk was due to the non-optimised irradiation procedures and was immediately
corrected [27].

In the CRESCENT study, conducted from April 2011 to July 2013, the coronary artery
calcium score was performed on a group of 242 patients with stable angina pectoris referred
to the outpatient clinics of four Dutch hospitals. This was followed by the CCTA if the
calcium score did not exceed 400. In this study, 117 patients were included. The mean
radiation dose from the calcium score was 2.4 mSyv and 8.5 mSv from the full cardiac CT
scan [28].

In the 2017 PROTECTION VI study (the prospective multicentre study on radiation
dose estimates of cardiac CT angiography), the median total DLP of all 4502 patients was
252 mGy*cm (IQR 154412 mGy*cm). This was a prospective, worldwide, multicentre,
observational, survey-based study to assess the radiation exposure during the cardiac
CT examinations in everyday practice. It involved 4502 patients from around 70 centres
in Europe, North America, South America, Asia and Australia. It did not benefit from
financing from its equipment suppliers. A total of 435 radiologists and cardiologists from
62 different countries were invited to participate in the study. The DLP values for the
coronary CT alone were 195 mGy*cm, corresponding to an effective dose of 2.7 mSv using
the conversion k-factor for the chest CT scans (0.014 mSv/mGy*cm) or an effective dose
of 5.1 mSv using the conversion k-factor recently postulated for the cardiac CT scans
(0.026 mSv/mGy*cm). In 2017, compared to the 2007 study, a significant 78% reduction
in the DLP was observed (p < 0.001) [29]. The difference in the median dose from the
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individual centres was as much as 37-fold (from 57 to 2090 mGy*cm). The reduction in
the radiation dose did not increase the rate of the non-diagnostic coronary artery CT scans
(1.9%). It should be noted that 78% of the studies were performed using prospective,
sequential acquisition protocols. [29-31] The median radiation dose for the studies using
a conventional tube voltage (120 kVp) was estimated to be 4.3 or 8.1 mSy, using the
thoracic or the recently published cardiac DLP to effective dose conversion factor of 0.014
or 0.026 mSv/mGy*cm, respectively [29].

A summary of the dose values from the publications in question is shown in Table 1.

Table 1. Radiation doses in the cardiovascular CT scans—a review of the reports.

Study

Year of the Kind of

Survey/Publication Protocol Radiation Diases

CORE-64 study

ED 19 mSv (range: 16-26 mSv)
CCTA DLP 633.3 mGy*cm (range: 533.3-866.6 mGy*cm)

(mean)
k = 0.030 mSv/mGy*cm

ED 1.7-2.6 mSv
DLP 56.6-86.6 mGy*cm

(mean)
k = 0.030 mSv/mGy*cm

2010 (publication)

(@)

University Center in
Nanjing (China)

DLP 661.2 mGy*cm (range: 315.2-940.0 mGy*cm)

2007-2016 (survey) CS+CCTA (median)

DLP 268.2 mGy*cm (range: 183.0-393.6 mGy*cm)

2016 (survey) CS+CCTA Inediard

German Cardiac CT
Registry

DLP 255 mGy*cm
CCTA (median)
k =0.014 mSv/mGy*cm

DLP 40 mGy*cm
CS (median)
k =0.014 mSv/mGy*cm

2009-2014 (survey)

DLP 176 mGy*cm
2014 (survey) CCTA (median)
k =0.014 mSv/mGy*cm

USA multicentre
data

DLP 621-1143 mGy*cm
CCTA (mean)
k =0.014 mSv/mGy*cm

DLP 214 mGy*cm

2012 (publication) CS (mean)
k =0.014 mSv/mGy*cm
DLP 286-1386 mGy*cm

TROCT (mean)
k =0.014 mSv/mGy*cm

Saudi Arabia
four centres

DLP 383.8 + 354 mGy*cm

2020 (publication) CS+CCTA (erican)

CRESCENT

ED 8.5 mSv

DLP 607.1 mGy*cm
(mean)

k = 0.014 mSv/mGy*cm
ED 2.4 mSv

DLP 171.4 mGy*cm

(mean)
k =0.014 mSv/mGy*cm

CS+CCTA

2011-2013 (survey)

CS

PROTECTION VI

195 mGy*cm (range: 110-338 mGy*cm)
(median)

CS+CCTA 252 mGy*cm (range: 154-412 mGy*cm)

2017 (survey) CCTA

CCTA—coronary computed tomography angiography; CS—calcium score; k—organ conversion factor.
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In the conclusion of the PROTECTION VI study, a diagnostic reference level for the
coronary CT scans was proposed. This value was usually set at the 75th percentile of the
dose for a typical patient size and for a particular radiological procedure. It was not a
recommended or preferred dose, but rather a value to aim for. The authors suggested
that a new DLP diagnostic reference level of 400 mGy*cm should be considered [29]. As
a reminder, in the PROTECTION I study conducted 10 years earlier, the DLP reference
level for the angio-CT of the coronary vessels was set at 1200 mGy*cm (17 mSv) [19]. The
achievable dose, on the other hand, was the level set at the 50th percentile [25].

The reference levels of the radiation doses for the coronary CT under the Ionising
Radiation (Medical Exposure) Regulations in the UK were 380 mGy*cm for the retrospective
acquisitions with ECG monitoring and 170 mGy*cm for the prospective acquisitions without
padding [32].

Based on a survey conducted in 2016/2017 under the ICRP rules in 55 centres on
338 patients in Australia, the national dose reference levels were established for the CCTA
with a DLP of 268 mGy*cm and for the CS with a DLP of 137 mGy*cm [33].

A similar study was conducted in France in 2013 in eight hospitals. A total of 460 CCTA
studies were analysed. The reference dose levels were proposed for the retrospective studies
with an ECG-gating DLP of 870 mGy*cm and a DLP of 393 mGy*cm for the prospective
studies with an ECG-gating DLP of 370 mGy*cm [34].

In 2016, a similar study was carried out in 11 centres in Saudi Arabia, analysing
information from the RIS and PACS data of the studies of 197 patients. The studies in the
prospective protocol were used in 55% of the patients. The reference dose levels were set at
a DLP of 395 mGy*cm for the studies in the prospective protocol and at 1057 mGy*cm for
studies in the retrospective protocol [35].

The more recent data came from a single-centre analysis in Taiwan involving 445 pa-
tients that was studied from February 2017 to December 2019. The following reference
levels were established—for the CCTA, a DLP of 560.1 mGy*cm and for the calcium score,
a DLP of 39.2 mGy*cm [36].

The dose reference values (DRLs) are shown in Table 2.

Table 2. Cardiovascular CT scans—dose reference values (DRLs).

Year of the
Study Survey/Publication Reference Level
PROTECTION I 2007 DLP 1200 mGy*cm
PROTECTION VI 2017 DLP 400 mGy*cm
: . : DLP 268 mGy*cm for the CCTA
DRL in CCTA in Australia 2018 DLP 137 mGy*cm for the CS
; ; DLP 370 mGy*cm for the prospective protocols
DRI tn CCTA Brange 2013 DLP 870 mGy*cm for the retrospective protocols
: : ; ; DLP 393 mGy*cm for the prospective protocols
PRLAS LTl S Al Soly DLP 1057 mGy*cm for the retrospective protocols
< S DLP 560.1 mGy*cm for the CCTA
DRL in CCTA in Taiwan 2017-2019 DLP 39.2 mGy*cm for the CS
DLP 380 mGy*cm
Ionising Radiation (Medical Exposure) for the retrospective acquisitions with an ECG gating
Regulations 2017
DLP 170 mGy*cm

UK

for the prospective acquisitions without padding

CCTA—coronary computed tomography angiography; CS—calcium score; DRL—dose reference values.

Einstein et al. estimated the lifetime risk of cancer in a 20-year-old woman as 0.7%,
following a single coronary CT scan in a protocol without applying a dose reduction.
Hurwitz et al., in turn, estimated that the excess relative risk in a 25-year-old woman
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who underwent a coronary CT scan ranged from 1.4% to 2.6% for breast cancer and from
2.4% to 3.8% for lung cancer [10,37,38]. In the whole coronary CT cohort, the estimated
mean lifetime risk of radiation-induced cancer was 0.13% [10,39]. In comparison, the
relative risk of lung cancer associated with an effective dose of 1000 mSv (approximately
50-100 coronary CT scans) was 2.9. They can be compared to the relative risk of lung
cancer in tobacco smokers, which—according to the statistics of the US National Cancer
Institute—was 4.9 in people who smoked up to 15 cigarettes per day and 13.3 in people
who smoked up to 25 cigarettes per day [21].

It should be noted that multiple, repeated CT scans can lead to high cumulative ERDs
(50-200 mSv). Compared to the dose from a single CT scan, a cumulative dose of 120 mSv
(equivalent to 12 coronary angio-CT scans) can increase the lifetime cancer risk from 1/1000
to 1/82 [9].

The effect of the length of the imaging interval on the risk of developing malignancies
remains unclear, partly because of the undefined effect of the cellular repair mechanisms.
However, it is assumed that the radiation risk of two CT scans is approximately twice that
of a single scan, regardless of the time interval between them [10].

The median age in the PROTECTION VI study was 60 years. An effective dose of
5 mSv at this age increased the additional lifetime risk of malignancy only marginally,
and the benefits of the coronary CT information significantly outweighed this risk. The
estimated risk of lethal malignancy due to CT with a dose of 10 mSv was 0.05%. In contrast,
the benefits of coronary CT were an estimated 50% reduction in the number of fatal and
non-fatal myocardial injuries observed in the 3-year period following a CT scan [29].

In comparison, the median effective dose for a frequently performed SPECT study
was approx. 10 mSv worldwide, 7 mSv in conventional chest CT scans, 14 mSv in 18F PET
cardiac scans, 10 mSv in cardiac stress tests with 99mTc sestamibi, 40 mSv in thallium stress
tests 210 Tl and 7 mSy in diagnostic coronary angiography [20,29,40].

The radiation doses from medical sources are often referred to as ‘background radi-
ation’. Over one year, patients receive slightly less than half the dose associated with a
routine chest CT scan (3 mSv) from background sources, including cosmic rays and radon
gas. Compared to a chest X-ray in two projections, the radiation dose in a chest CT is 100
to 400 times higher [10]. The average dose level from background radiation in Poland is
2.5 mSv per year [41].

The comparison of the CT protocols should be conducted using the DLP values as
all the CT systems share the same dosimetry system. Comparing the equipment or test
protocols on the basis of the effective dose expressed in millisieverts (mSv) always requires
the use of the same conversion k-factor. Different publications use different values, from
0.014-0.017 for chest examinations to 0.024 to 0.030 mSv/mGy*cm for postulated cardiac
examinations [24,27].

Assuming there is a linear, no-threshold concept of ionising radiation harm, the
estimated lifetime risk of death from cancer associated with the radiation dose received
during a typical coronary CT scan (ok. 10 mSv) is 0.05%. On the other hand, ICA performed
for diagnostic purposes only has a “serious” complication rate of 1.7% (including mortality:
0.11%; myocardial infarction: 0.05%; stroke: 0.07%; haemodynamic complications: 0.26%
and serious contrast agent reaction: 0.37%). This should be added to the theoretical risk of
future malignancy associated with the use of fluoroscopy during ICA, which is 0.02% [19].

In 2018, an expert consensus from the Society of Cardiovascular Computed Tomog-
raphy (SSCT) was published referring to coronary artery examinations in women. The
authors indicated that exposure to ionising radiation was a major safety concern for CT
in women, and this was especially true for breast exposure. The paper stated that after
a CT scan of the heart of a 60-year-old woman, her LAR rate of malignancy was 0.22%
(one in 466). In the estimation of this risk, a higher number of effective doses resulting
from the study were assumed than are currently commonly used. In the studies on an
anthropomorphic phantom performed using a 64-slice apparatus in a retrospective spiral
protocol with ECG monitoring but without dose modulation, the absorbed dose in the
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breast was 82.9 mGy. On the same phantom, using dose modulation on a 320-slice device,
the dose was reduced by 79%—to 17.5 mGy. This showed how modern dose reduction
techniques can reduce radiation exposure. With a skilful use of the CT study protocols, the
dose is more of a concern for certain studies, such as myocardial perfusion imaging using
SPECT, PET and ICA [40].

The authors of the study do not recommend the use of breast shields. However, in the
process of positioning the patient, they recommend the manual movement of the movable
part of the breast outside the field of CT imaging of the heart. This makes it possible to
reduce the dose absorbed by the breasts, reduce the absorption of the radiation during
acquisition and allows for the use of a lower CT tube current. This reduces the effective
radiation dose to 33% compared to men with similar BMI values [40].

The discussed publication also raised the important problem of CT examinations
during pregnancy. The authors confirmed that examinations that use ionising radiation
during pregnancy may be performed only when the expected results may change the
medical management. The radiation risk to the foetus was mainly due to the diffuse
radiation from within the imaged part of the patient’s body. The radiation doses to the
foetus during chest CT or CT lung angiography to exclude pulmonary embolism were
low. In the case of testing to exclude pulmonary embolism, it was estimated to be within
0.02 mGy, so the risk of non-stochastic foetal damage in the case of CT limited to the chest
was negligible. Higher doses were associated with the studies that directly involve the
foetus. The foetal dose for the CT angiography of the chest, abdomen and pelvis was
13 mGy. The authors of the guidelines referred to the opinion of the American College
of Obstetrics and Gynecology (ACOG), which states that, if clinically indicated, angio-CT
should not be withheld in pregnant patients. Instead, before the test is performed, the
risks and benefits should be considered and discussed. The assessment of stochastic risk to
the foetus is very difficult. The authors of the study referred to the models that allowed
for estimating the excess risk of malignant neoplasm associated with a radiation dose of
10 mGy on the foetus from one in 4545 in the high-risk model to one in 1667 in the low-risk
model. It should be noted that, although the iodinated contrast agents may cross the
placenta into the foetal circulation during pregnancy and may be detectable in the amniotic
fluid, there is no evidence of teratogenic, mutagenic or other foetal harm [40].

4. Optimization Methods—Reduction in the Radiation Dose

In each study, the capabilities of the equipment and the ability to use the protocols
should be adapted to the clinical problem and the patient characteristics in accordance with
the ALARA (as low as reasonably achievable) principle. The opportunities to optimise the
radiation dose may vary, depending on the conditions of the examination and the type
of equipment.

The optimisation methods and reductions in the radiation dose in the CT examinations
include the following.

CT tube voltage reduction

ECG-monitored radiation modulation (tube current)

Iterative image reconstruction

Deep learning-based image reconstruction and deep learning-based image denoising
Reduction in the scan range (scan length)

Prospective study protocols

Modulation of the current intensity depends on the attenuation of the radiation
Heart rate control

Rational use of the calcium score coronary artery calcification test

Multi-slice, dual-source and wide-field tomography

4.1. CT Tube Voltage Reduction

Alot of information regarding the possibility of adjusting the tube voltage was provided
by the PROTECTION studies. They were prospective, multicentre, survey studies based
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on the analysis of the radiation doses in CT scans of coronary arteries. Lowering the tube
voltage is extremely effective in lowering the radiation dose due to its exponential reduction.

In the PROTECTION I study, the results of which were published in 2009, the radiation
doses and image quality from the cardiac CT scans were compared in a group of 82 patients
using a 100 kVp voltage and 239 patients using a 120 kVp voltage. At that time, out
of 50 centres, only eight used a reduced tube voltage. The effective dose of radiation
was estimated on the basis of the DLP values. The quality of the study was assessed
by an experienced researcher on a four-point scale. The authors of the study found that
the application of the voltage of 100 kVp was associated with a reduction in the median
radiation dose by 53% compared to the tests with the voltage of 120 kVp. Although
the image noise increased by 26.3% in the 100 kVp tests, the signal-to-noise ratio (SNR)
increased by 7.9% and the contrast-to-noise ratio (CNR) increased by 10.8% due to the
reduced tube voltage increased the density of the contrasted vascular lumen. Reducing
the tube voltage did not impair the diagnostic quality of the image. The median estimated
radiation dose was reduced from 14 mSv for 120 kVp to 6 mSv for 100 kVp [42].

In 2019, the results of the PROTECTION VI study were published, which analysed,
among other things, the impact of very low (80 kVp), low (90-100 kVp), conventional
(110-120 kVp) and high (130 kVp) voltages on the radiation dose in the CT scans coronary
arteries. A total of 61 international research centres from 32 countries provided the imaging
data and protocols for the CCTA studies performed during the 1 month period between
March and December 2017. Approx. 91% of the examinations were performed using
cameras with at least 128 slices [29]. Nearly 10 years after the PROTECTION I trial, the low
tube voltage was used in 56% of the trials (80 kVp in 9%; 90 to 100 kVp in 47%) [29,30]. The
low tube voltage protocols, 90 to 100 kVp, were less frequently used in the GE equipment
(42% CCTA) compared to the others (Toshiba: 45%, Philips: 49%, Siemens: 50%). The
frequency of use of the 80 kVp ultra-low potential tube was significantly higher in the
Siemens scanners (17% CCTA) compared to all the other suppliers (GE: 1%, Philips: 3%,
Toshiba: 4%) [30]. The radiation doses were read for each study from the DLP reports [29].
The use of the low tube voltage protocols significantly reduced the median CTDIvol to 11.1
mGy when using 90 to 100 kVp and 6.9 mGy when using 80 kVp. The application of the
voltage of 80 kVp resulted in a reduction in the average DLP by 68% compared to the tests
with the voltage of 120 kVp, while at the voltage of 90 to 100 kVp, the reduction in the DLP
was 50% on average [19,30]. It should be mentioned that the CT examinations conducted
in the process of the qualification for the TAVI procedures were excluded from the analysis
due to the heterogeneity of the acquisition protocols [29,30].

The authors of the analysis of the PROTECTION VI study concluded that, taking the
BMI criteria into account (80 kVp for a BMI < 25 and 90-100 kVp for a BMI 25-30), 58%
of the patients tested using the conventional tube voltage were able to use the protocols
with a low tube potential (90 to 100 kVp), and 44% of the patients tested at 90-100 kVp
would qualify for the protocols with a very low tube potential (80 kV). The PROTECTION
VI trial data showed that the dose reduction strategy of lowering the tube voltage was still
underutilised in daily practice. The four centres participating in this study carried out the
tests using the 120 kVp voltage only. The women and patients with a lower cardiovascular
risk and lower BMI values were more often referred for the studies using the lower-than-
conventional tube voltages. A strict implementation of the criteria of a BMI < 25 kg/m? in
the qualification for the 80 kVp test and a BMI between 25 and 30 kg/m? in the qualification
for the 90 to 100 kVp test would reduce the median DLP in the PROTECTION VI population
by an additional 23% (up to 150 mGy*cm) [30].

In the PROTECTION VI study, lowering the tube voltage also reduced the con-
trast medium volume by 25% for 80 kVp (to 55-79 mL) and 13% for 90-100 kVp (to
60-80 mL) [29,30]. Some of the data indicated that reducing the volume of the iodinated
contrast medium not only helped protect kidney function, but also reduced the potential
effects of irradiation. In a study conducted on 245 patients in whom lymphocytes were
collected before and after the chest CT scans and evaluated using fluorescence microscopy,
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it was shown that the patients who underwent CT with an iodinated contrast agent had
a 107% increase in the amount of radiation damage to their DNA compared to the study
group that was not administered a contrast agent [43].

In turn, Huda et al. performed simulations using the IMPACT program, which showed
that reducing the X-ray tube voltage from 140 to 80 kV while maintaining constant mAs
values will reduce the radiation dose five times [20].

4.2. ECG-Monitored Radiation Modulation (Tube Current)

In cardiac CT, the time of the data acquisition during the diastole, when the movement
of the heart and coronary vessels is minimal, is most desirable. The earliest acquisition
protocols using ECG monitoring in the cardiac studies generated a constant radiation
intensity throughout the cardiac cycle. However, the modification of the radiation dose has
been used for many years so that it is maximal in the diastole and minimal (approx. 20% of
the maximum value) during the contraction, achieved by changing the CT tube current.
This procedure can reduce the radiation dose by up to 50% without a significant loss in the
image quality [19]. In the radiation modulation protocols, there is a risk of an incorrect
determination of the optimal timing for the acquisition in patients with sinus tachycardia,
arrhythmias or ectopic beats. The use of the maximum and minimum tube currents at the
inappropriate phases of the heart cycle may cause difficulties in interpreting the images or
make diagnostic examination completely impossible. Since the concept of ECG-monitored
radiation modulation works most effectively in the patients with a regular, slow heart
rate, a pharmacological slowing of the heart rate is recommended [19]. The radiation
modulation can be omitted in the studies where cine imaging is necessary, e.g., when the
valve movement or heart muscle function must be assessed. The time resolution of the
apparatus should also be taken into account each time. Although there are constructions
of CT machines that ensure a good examination quality even at a beat rate of 80 bpm and
higher, most centres do not yet have such scanners.

4.3. Iterative Image Reconstructions

Until the beginning of the 21st century, CT images were obtained using filtered back
projection (FBP) algorithms. The main advantages of this algorithm were the low computa-
tional power requirements and the speed of reconstruction, while the disadvantages were
the rather significant image noise, especially when using low tube current intensities, poor
contrast resolution and streak artefacts. Increasing the signal-to-noise ratio (SNR) required
an increase in the radiation dose. The new iterative reconstruction algorithms, used in
nuclear medicine since the 1980s, then came to the rescue. The advances in computational
technology made it possible to implement them in CT image reconstruction.

The term ‘iterative’ (from Latin “iteratio” meaning repetition) means repeating the
same operation in a loop until a certain condition is met. Iterative reconstruction algorithms
perform calculations in a loop in a way that allows for a significant noise reduction, preserv-
ing the information about the edges and the contrast of the anatomical structures [44]. In
these calculations, the data with a low statistical uncertainty are assigned a higher weight
than the data with a higher statistical uncertainty. This is overlaid with the algorithms for
modelling the photon interaction between the X-ray tube, the isocentre and the detector.
The first iterative reconstruction algorithm used in cardiac CT was ASiR (GE Healthcare,
Chicago, IL, USA), implemented in 2008. In the same year, Siemens Healthcare (Forchheim,
Germany) introduced the IRIS algorithm, which was later replaced in 2010 by the SAFIRE
(sinogram affirmed iterative reconstruction) algorithm, which works in both the raw data
and image domains [45].

In the iterative reconstruction methods, the noise does not depend as strongly on the
CT scanner tube voltage as in the FBP methods. Therefore, the IR algorithms allowed for
the use of strategies to reduce the radiation dose by lowering the tube voltage. In addition,
they allowed for coronary artery CT to be performed in patients with high BMI values,
who previously could not be examined with high image quality due to the significant noise,
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and in patients with a high calcium score and implanted stents, who previously could not
be examined effectively using CT due to the blooming artefacts [45].

One study showed a 24% dose reduction in the coronary artery CT with ASiR (adaptive
statistical iterative reconstruction, GE Healthcare, USA) compared to the FBP, with no
difference in the signal-to-noise ratio (SNR) or the contrast-to-noise ratio (CNR), but with a
comparable diagnostic quality [46].

The use of the IRIS algorithm (Siemens Healthcare, Erlangen, Germany) in the cardiac
CT examinations allowed for the use of a tube voltage of 80/100 kVp. In these studies, the
average ED was 3.7 mSv. This was compared to the average ED of 9.7 mSv in the studies
reconstructed using the FBP with the same diagnostic quality and a 120 kVp tube voltage.
This represented a reduction in the radiation dose of 62% [47].

The ADMIRE (advanced model iterative reconstruction, Siemens Healthcare, Ger-
many) algorithm uses advanced modelling to improve the image resolution and edge
detection, as well as the noise reduction. This algorithm enables coronary artery CT to be
performed with a low radiation dose of 0.3 mSv [45].

The PROTECTION VI study showed that the combination of the iterative image
reconstruction and the reduced X-ray tube voltage resulted in a reduction in the radiation
dose without compromising the quality of the examination images. The use of the iterative
image reconstruction resulted in a 33% reduction in the radiation dose compared to the
filtered back projection [29-31]

4.4. Deep Learning-Based Image Reconstruction and Deep Learning-Based Image Denoising

The use of artificial intelligence algorithms in image reconstruction and denoising in
CT scans has increased significantly in recent years. These algorithms make it possible to
obtain diagnostic quality CT images at lower doses than the iterative reconstruction used
to date. It has become possible to perform CT examinations using radiation doses that
previously did not allow for sufficient diagnostic quality images.

A paper comparing the images of the CT scans of the thorax, abdomen and pelvis
at sub-millisievert doses that were reconstructed using iterative reconstruction and deep
learning algorithms was published in 2019. The patients for the standard-dose CT exami-
nations were additionally acquired using the low-dose examination protocols (100 kVp,
120 kVp; 30-50 mA)). The reconstructions of the images from the standard acquisitions
were developed using the iterative algorithms (adaptive iterative dose reduction [AIDR]
3D, Canon Medical Systems, Otawara, Tochigi, Japan), while the reconstructions of the
low-dose CT images were created using the iterative algorithms and deep learning artificial
intelligence (Advanced Intelligent Clear-IQ Engine [AiCE], Canon Medical Systems). The
mean DLP values were 567 + 249 mGy*cm for the standard CT studies and were signif-
icantly lower for the LDCT: 49 + 13 mGy*cm. In an image comparison conducted in an
independent, randomised and blinded trial, the low-dose CT scans of the thorax were
found to be 95-100% diagnostic. The quality of the images that were reconstructed using
the artificial intelligence algorithms allowed for significant reductions in the radiation doses
for the CT scans [48].

As the radiation dose decreased, the noise increased, which manifested itself by
blurring the contours of the anatomical structures and producing low-contrast images in
which the pathological changes may remain undetected. Over the past few decades, various
denoising algorithms have been proposed. They can be divided into three categories:
filtering in the sinogram domain (raw data), iterative reconstruction and processing in the
image domain. The DLR algorithms enable the image noise reduction, high resolution and
lesion recognition [49].

The DLR algorithms are the image domain restoration methods. The machine learning-
based methods are aimed at automatically learning and improving the applications through
experience, rather than using user-defined programmes. They are effective in denoising,
which shows a non-uniform distribution in the CT images. The dynamic development of
the hardware and computing techniques has led to the popularity for artificial intelligence
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algorithms in denoising based on convolutional neural networks. The network achieves
this effect by learning from the training data based on the examinations taken at a conven-
tional radiation dose, then relating this information to the images taken at low doses [49].
Reducing the noise without losing the important image features, such as the edges, angles
and other sharp structures, is a difficult task. Kaur et al. reviewed and compared the
various noise reduction techniques in abdominal and pelvic CT images [50].

Artificial intelligence algorithms have a high efficiency for denoising images. They
also provide a better spatial resolution than the iterative algorithms, while maintaining
similar radiation dose levels. Phantom and clinical studies have shown that deep learning
reconstructions allow for a dose reduction of 30-80% compared to the current iterative
reconstruction algorithms while maintaining a diagnostic image quality. In CT angiog-
raphy, the artificial intelligence algorithms allow for fine vessel reconstructions with the
examinations performed at radiation doses that would not be possible with the iterative
reconstructions [51], as shown in Figure 3.

Currently, CT device vendors provide commercial algorithms for image reconstruction
or image denoising based on artificial intelligence, such as the Advanced Intelligent Clear-
1Q Engine (AiCE) (Canon Medical Systems) and TrueFidelity (GE Healthcare) [51].

The authors of the study, which evaluated the images of the studies of 50 patients
who underwent coronary artery CT using standard- and low-dose radiation, showed that
the DLR enabled a 43% reduction in the radiation dose in the CCTA with no significant
effect on the image noise, stenosis severity, plaque composition or quantitative plaque
volume [52].

The use of the DLR algorithm for cardiac CT in a thrombus assessment (in compre-
hensive stroke diagnosis, in prospective acquisition) reduced the radiation dose by approx.
40% and improved the image quality by approx. 50% compared to the IR algorithm.
The mean DLP for the DLR algorithms was 106.4 &= 50.0 mGy*cm compared to the IR
(176.1 & 37.1 mGy*cm). The ED was lower for the DLR and was 1.5 £ 0.7 mSv (for IR
2.5 £ 0.5 mSv). Compared to the IR, an increase in the SNR and the CNR of approximately
51% and 49%, respectively, was shown for the DLR [53].

Kang et al. analysed the cardiac CT images of 50 patients with mitral valve prolapse
and 50 patients with coronary artery disease taken using a Somatom Definition Flash
scanner, (Siemens Healthineers, Germany). A neural network was involved and subjected
to deep learning to reduce the noise. Two networks were subjected to training between two
different domains (a low dose and a routine dose). The network designed by the authors
did not require exactly matched images of the low and routine doses. It was designed
to identify the distributions of the high-dose cardiac phase images and to prevent the
generation of artificial features that were not present in the input images. The network
performed well in reducing the noise in the input low-dose CT images while retaining the
texture and edge information [54].

4.5. Reduction in the Scan Range (Scan Length)

In most cardiac CT scans, the length of the scanning range is 12 to 13 cm for adults,
typically extending from the tracheal bifurcation to the diaphragm. The patient dose per
procedure (DLP) was found to increase by approximately 5% for every one cm increase in
the scan length [8,27]. Applying a “safety margin” above and below the heart for fear of
missing important heart structures is not appropriate [19]. However, the scope of the exami-
nation should always be extended in the case of a vascular graft examination, simultaneous
assessment of the aorta and in studies where there are other relevant clinicalindications.
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Figure 3. Coronary artery computed tomography scans performed on various scanners, using
iterative reconstructions and Al algorithms. Note the DLP and effective dose (ED) of the stud-
ies and compare them to the image quality. (A) 120 kVp, DLP 1684.6 mGy*cm, ED = 23.58 mSv
(k = 0.014 mSv/mGy*cm), iterative reconstruction. (B) 100 kVp, DLP 712.2 mGy*cm, ED = 9.97 mSv
(k = 0.014 mSv/mGy-cm, reconstruction with Al algorithms. (C) 100 kVp, DLP 715.7 mGy*cm,
ED =10.02 mSv (k = 0.014 mSv/mGy*cm), iterative reconstruction. (D) 100 kVp, DLP 99.7 mGy*cm,
ED = 1.40 mSv (k = 0.014 mSv/mGy*cm), reconstruction with Al algorithms.

4.6. Prospective Study Protocols

In this acquisition mode, the CT X-ray tube is turned on for only a short period—in
the middle of the diastolic phase—after which it turns off. During this time, the table with
the patient moves to the next position, where a short acquisition in the diastolic phase
occurs again. The method was named ‘step-and-shoot’. Limiting the radiation of the CT
tube to only a fragment of the diastolic phase of the heart cycle allows for reducing the
radiation dose by as much as 78% to 1-5 mSv [19]. The acquisition of the prospective
protocol requires a sufficiently long time window for the collection of the image data, in
which the movement of the coronary vessels is minimal. Therefore, it cannot be used for a
heart rate that is too fast. The optimal moment of acquisition is assumed to be half of the
diastolic phase—from 60% to 70% of the R-R cycle—at a heart rate no higher than 60 bpm.
Accelerating the heart rate reduces the available acquisition time. Arrhythmia and ectopic
beats may result in a non-diagnostic image quality [8,19]. Due to the acquisition of the
data from only a small part of the R-R cycle, the prospective study protocols cannot be
used where it is necessary to assess the function of the heart valves, myocardium, or the
reconstruction of other anatomical structures in motion. In the analysis of the examinations
performed using dual-source devices at the University Center in Nanjing (China) in the
years 20072016, in the first year of the analysis, all the examinations were performed using
retrospective protocols with a radiation dose modulation. However, in the last analysed
year, approx. 2/5 studies were conducted using the prospective protocols. The median
DLP value in these studies was 311.7 mGy*cm [25]. In PROTECION VI, 78% of prospective
protocols were used [30].

4.7. The Modulation of the Current Intensity Depends on the Attenuation of the Radiation

The modulation of the current intensity takes into account the fact that the cross-
section of the body is usually oval, so in the anterior—posterior dimension the radiation
beam has to overcome a smaller layer of tissue compared to the bilateral dimension. In
addition, the thickness of the tissue layer also changes with the movement of the table.
Equipment manufacturers use software that adjusts the CT tube current intensity to the
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thickness of the tissue layers. In the AP dimension, the tube current is lowered, while in the
double-sided dimension, it is increased. This technique is called the automatic exposure
control (AEC) and can provide a significant reduction in the radiation dose with minimal
deterioration in the image quality [27].

4.8. Heart Rate Control

In a large proportion of coronary angio-CT studies, it was necessary to reduce the
heart rate to no more than 60 bpm to match the time resolution of the equipment. An
increase in the heart rate of 10 beats per minute and an absence of the sinus rhythm were
associated with an 8% and 21% increase in the radiation dose, respectively [29]. However,
some test protocols used in newer CT scanners, and the radiation dose was lower at the
higher heart rates due to a less irradiated layering between the successive rotations of the
gantry [19]. The median DLP in the study of the patients with arrhythmias at the Nanjing
University Center (China) was 132.6% higher than in the normorrhythmic patients [25].

4.9. Rational Use of Calcium Score

The determination of the coronary artery calcification index is a valuable method for
the cardiovascular risk stratification. It is a helpful screening tool. Depending on the quality
of the equipment, the centres performing the tests use different values of the CS coefficient
(from 400 according to Agatston), above which the angiographic phase is abandoned. Some
cameras provide a high image quality regardless of the intensity of the calcification in
the coronary arteries. The information from the calcium score test can be used to modify
the angio-CT protocol of the coronary arteries, e.g., to adjust the scanning range [8,19].
The calcium score is not performed in the patients after the coronary angioplasty (PTCA)
and coronary artery bypass grafting (CABG). The doses resulting from the calcium score
assessment in the coronary vessels can range from 1.7 to 2.6 mSy, according to the ICRP
103 [24].

4.10. Multi-Slice, Dual-Source and Wide-Field Tomography

In a retrospective analysis of 278 patients performed in the years from 2015-2017,
the DLP values for the examined protocols, including the calcium score and CCTA with
the use of the 70-120 kVp tube voltage, were 35.4 mGy*cm (28.3-43.9) for the calcium
score, 44.8 mGy*cm (36.6-64.6) for high pitch factor helical acquisitions, 94.3 mGy*cm
(56.4-175.9) for the sequential, prospective acquisitions and 340.4 mGy*cm (215.6-590.4)
for the retrospective spiral acquisitions. For the high-pitch spiral acquisitions, the authors
determined the effective dose of 0.63 mSv (0.51-0.90) for the CCTA alone, using an organ
conversion factor of k = 0.014 mSv/mGy*cm. The tests were performed using a third-
generation dual-source CT system (Somatom Force, Siemens Healthineers) [55]. The use of a
high pitch factor scanning technique with ECG monitoring reduced the radiation dose by
30% [29,30].

The CONVERGE study compared groups of 110 patients using 64-slice and 256-
slice cameras in each group. The determined mean DLP values in the group tested us-
ing the 256-slice instrument (Revolution CT, GE Healthcare) were 113.5 & 53.6 3 mGy*cm
(1.59 & 0.75 mSv) and were 32% lower than the group tested using the 64-slice instrument
for the patients with normal BMI values (18.5-24.9) [56].

In a multicentre study covering 92 patients using scanners equipped with two radiation
sources and spectral dual-source photon-counting detector coronary computed tomogra-
phy angiography (PCD-CCTA) (Naeotom Alpha, Siemens Healthineers), the mean DLP was
234.1 & 347.6 mGy*cm and the median DLP was 90.9 mGy*cm (IQR 52.8-235.5 mGy*cm).
Using the organ conversion factor k = 0.015 mSv/mGy*cm, the authors determined it to be
1.4 mSv (IQR 0.8-3.5 mSv). The dose depended on the acquisition mode of 1.0 & 0.8 mSv
for the spiral acquisitions with a high pitch factor, 4.8 + 4.0 mSv for the sequential, prospec-
tive acquisitions and 9.6 + 4.4 mSv for the retrospective spiral acquisitions with a low pitch
factor [57].
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5. Doses in the TAVI Studies

Transcatheter aortic valve implantation (TAVI) or transcatheter aortic valve replace-
ment (TAVR) was performed for the first time in 2002. The first procedures in Poland were
performed in 2008. Initially, this procedure was recommended for patients with severe,
symptomatic aortic stenosis who were ineligible for surgery or for whom the surgery was
associated with a high risk. Currently, the indications have been extended to patients for
whom conventional surgery carries an intermediate risk. In the first period of develop-
ment for TAVI/TAVR procedures, computed tomography was used to assess the vascular
access. Currently, it is also used to accurately image the aortic root with the aortic valve,
including determining the dimensions of the aortic annulus, determining the risk of the
coronary artery ossification and planning the optimal C-arm angles, which reduces the
radiation exposure, the centre volume duration of the procedure and the monitoring of
the post-procedural complications, including the prosthetic valve leaflet thickening and
possible periarticular leaks. CT has, therefore, become the ‘gold standard’ for planning
TAVI/TAVR procedures [58].

CT scanning prior to the TAVI/TAVR procedures required images of the aortic root to
be obtained using ECG-monitored acquisitions and images of the vascular accesses from
the carotid arteries to the femoral arteries, which did not require synchronisation with the
ECG recording. In the construction of the CT protocols before TAVI/TAVR procedures, two
methods for obtaining the image data sets were used.

(1) ECG-gated acquisition covering the region of the heart and aortic root followed
by the acquisition without ECG gating covering the vascular accesses in the neck, thorax,
abdomen, pelvis and axilla up to the level of the lesser femoral ileum. The disadvantage
of this solution was the double acquisition in the area of the aortic root and the heart,
which increases the radiation dose. The advantage here, however, was the fact that the
time-consuming acquisition of the data synchronised with ECG was reduced to a minimum.
By shortening the examination time, the volume of the administered contrast agent could be
reduced. It should be remembered that these studies concerned elderly patients, in whom
kidney function was most often—even significantly—reduced. In addition, limiting the
scope of the ECG-monitored acquisition reduced the part of the examination that required
a high dose of radiation, even though the scanning ranges partially overlapped [58], as
shown in Figure 4A.

(2) ECG-gated acquisition covering the lower neck and thorax followed by the ac-
quisition without ECG gating covering the abdomen, pelvis and groin to the level of the
lesser femoral ileum. The disadvantage of this solution was a higher radiation dose and
extended acquisition time for the entire chest. An extended acquisition time may require a
larger volume of contrast for the medium and longer breath hold times, which may result
in respiratory artifacts in the less resilient patients [58], as shown in Figure 4B.

In order to optimise the radiation dose, the authors of the SSCT guidelines noted that
for the patients with a body weight of up to 90 kg or BMI values up to 30 kg/ m2, the
acquisition should use a tube voltage of 100 kVp, and for the patients with a body weight
> 90 kg or BMI values > 30 kg/m?, the acquisition should use a tube voltage 120 kVp. If
the parameters of the scanner allow it, for the patients with BMI values < 26 kg/m?, the
acquisition should be carried out with an 80 kVp voltage of the apparatus tube [58].

In a national survey conducted in 2018 in Great Britain, 47 responses (12% response
rate) were obtained from 40 cardiology centres. A total of 23 centres (58%) also performed
TAVI procedures. Most centres (27-59%) performed less than 100 examinations per month.
The acquisition protocols varied, where 41% of centres performed retrospective acquisitions
with an ECG-monitored radiation dose modulation, 47% performed prospective acquisi-
tions with ECG gating with narrow padding and 12% performed prospective acquisitions
with ECG gating and wide padding. The median dose-length product was 675 mGy*cm
(IQR 477-954 mGy*cm). The median DLP in the prospective protocols with ECG gating
with narrow padding was 423 mGy*cm. The use of a wide padding (30-80% R-R spacing)
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more than doubled the DLP to 921 mGy*cm. The retrospective acquisition was associated
with a high median DLP of 882 mGy*cm [32].

@
b4

i'd
b

A B

Figure 4. (A) ECG-gated acquisition covering the region of the heart and aortic root, followed by the
acquisition without ECG gating, covering the vascular accesses in the neck, thorax, abdomen, pelvis
and axilla up to the level of the lesser femoral ileum. (B) ECG-gated acquisition covering the lower
neck and thorax, followed by the acquisition without ECG gating covering the abdomen, pelvis and
groin to the level of the lesser femoral ileum.

In a study conducted at the Charité University Hospital (Berlin), two study protocols
performed on an 80-slice Aquillion Prime instrument (Canon Medical Systems, Otawara,
Japan) were compared. In the first of the protocols, the acquisition covered the section of
the chest from the top of the lungs to the aortic arch without ECG gating, then the section
from the aortic arch to the diaphragm with ECG gating, and finally, the section from the
diaphragm to the groin without ECG gating. In the second protocol, the acquisition was
carried out uniformly from the lung peaks to the axillae without ECG monitoring with a
high pitch factor = 1.388). The mean DLP was 790.90 = 238.15 mGy*cm for the protocol with
ECG gating compared to 357.10 4 200.25 mGy*cm in the high pitch factor protocol without
ECG monitoring. The mean effective doses were 13.44 £ 4.05 mSv and 6.07 & 3.40 mSv,
respectively, and the mean SSDEs were 13.84 + 2.94 mGy and 5.69 + 2.27 mGy, respectively.
The high-spike CT protocol without ECG monitoring reduced the radiation exposure by
55% compared to the protocol with ECG monitoring (from 13.44 mSv to 6.07 mSv). The
authors reported statistically significant differences in the SNR and CNR values at the aortic
root level between the two groups. However, in the subjective assessment of the Likert
scale by two radiologists experienced in imaging the cardiovascular system, the quality of
the aortic root image did not show any significant differences [59].

In a study involving 30 randomly selected patients who were tested using the Somatom
Force scanner (Siemens Healthcare, Erlangen, Germany), the DLP was 217.6 + 12.1 mGy*cm
(range 178-248 mGy*cm). The acquisition was conducted from the level of the aortic root
to the axilla, prospectively with ECG triggering and a high pitch factor. The acquisition
was triggered at 60% of the R-R interval using a voltage of 100 kVp and a current of
350 mAs/rev [60].

Additionally, the Somatom Force scanner (Siemens Healthcare, Erlangen, Germany)
was used to examine 226 patients in 2018-2019. The first stage of the protocol included a
calcium score scan of the aortic valve with the use of a 120 kVp voltage from the level of
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the tracheal bifurcation to the diaphragm. In the second stage, the prospective acquisition
was triggered at 30% of the R-R interval with ECG triggering using a high pitch factor = 3.2
and a voltage of 100 kVp. The mean DLP in this study was 201.1 £ 22.7 mGy*cm [61].

In the work covering 115 studies carried out in 2016-2017, the authors reported an
average DLP value of 479.1 + 45.7 mGy*cm. The study was conducted using a 256-slice
revolution CT scanner (GE Healthcare, Milwaukee, WI, USA). The study protocol included
the thorax from the lung peaks to the diaphragm in two blocks monitored by an ECG. The
study was performed at 100 kVp using a retrospective acquisition, with padding at the
500 ms R-R interval, and a spiral acquisition without ECG monitoring from the diaphragm
to the proximal third of the thighs [62].

Another protocol was used for 42 patients who were examined using the Somatom
Definition Flash device (Siemens Healthcare, Forchheim, Germany). The acquisition of
the cardiac structures from the aortic arch to the diaphragm was performed using ECG
monitoring at 60% of the R-R interval, followed by craniocaudal scanning from the top
of the lungs to the groin without ECG monitoring and spiral acquisition. Depending on
the BMI value, the voltages of 100 kVp and 120 kVp were used. The mean DLP value was
241 + 27 mGy*cm [63].

6. The Postulated New Values of The Organ Conversion Factor—k

In current practice, the effective dose conversion factors for cardiac CT scans are
assumed to be the same as for conventional chest CT scans. However, some publications
have identified that different, organ-specific conversion factors should be used in cardiac
CT scans, which are higher than in conventional chest CT scans.

In one study, the commercial InNPACT CT patient dosimetry calculator program
(version 1.0, ImPACT 2009) was used to calculate the CTDIvol, the DLP and the effective
dose using the tissue weighting factors, according to the ICRP 103 publication for the cardiac
CT model in adult patients with a body weight of 70 kg and a tube voltage from 80 to 140 kV
for two systems of 64- and 128-slices (General Electric and Siemens Healthineers). The
scope of the survey was 16 cm. The maximum E/DLP values were 0.0375 mSv/mGy*cm
and were located in the breast region, which is a particularly sensitive organ. The E/DLP
values at the apex of the lung were five times lower and amounted to 0.007 mSv/mGy*cm.
The conversion factor developed by the authors for the CT scan of the heart with the
examination range of 16 cm and a voltage of 120 kV was 0.0264 mSv/mGy*cm, while
the chest CT scan with the examination scope of 36 cm was 0.021 mSv/mGy*cm. It was
approximately 70% higher than the current k-factor value adopted for chest CT, which was
~0.014-0.017 mSv /mGy*cm [20].

The CORE-64 study (the coronary artery evaluation using 64-slice multidetector com-
puted tomography angiography study) used the Monte Carlo calculations for the studies
from the Aquillion 64-slice scanner. The study was performed at nine centres. The organ
dose and the effective dose resulting from the cardiac CT protocol were assessed. Six
voxel patient models were used, representing the examined three men and three women
with different body constitutions, i.e., small, normal and obese. They were performed at
a tube voltage of 120 kV in a protocol consisting of topograms, calcium scores and the
CCTA triggered by a bolus of the contrast agent. The breast tissue weighting factor of 0.24
(ICRP 103) was used in the women, but not in the men. Using the ICRP 103 standards, the
sex-averaged organ conversion k-factor for calculating the effective dose from the DLP was
0.030 mSv/mGy*em (range 0.019-0.043 mSv/mGy*cm). The authors of the study noted that
the use of the organ conversion k-factor of 0.017 mSv/mGy*cm, adapted for conventional
thoracic CT examinations to estimate the effective dose, resulted in an underestimation of
the effective dose of 43% if ICRP 103 standards were used [24].

In 2017, the results of the work based on dosimetry using radiation detectors with
MOSEET field-effect transistors were published. These detectors were placed in the topogra-
phy of 27 organs contributing to the determination of the effective dose in anthropomorphic
phantoms and scanned using numerous cardiological CT protocols. The doses in the larger
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or highly radiation-sensitive organs, such as the lungs and breasts in women, were deter-
mined on the basis of the measurements in multiple detectors. In total, 4144 detectors
were used. A total of 120 protocols, performed on 12 CT scanners from five manufacturers
(GE, Hitachi (Marunouchi, Chiyoda-ku, Tokyo, Japan), Philips, Siemens, Canon), were
examined. The study protocol included topograms, calcium scores and the CCTA using a
tube voltage of 70-140 kVp and simulating a pulse rate of 60 and 80 bpm. The effective
dose measurements in the phantoms and dose-length products reported by the CT scanner
were used to determine the k-factors. The organ conversion k-factor was, on average,
0.026 mSv/mGy*cm and ranged from 0.020-0.035 mSv/mGy*cm. The standard k-factor
for the conventional chest CT scans underestimated the calculated effective dose by an
average of 46%, ranging from 30% to 60%, depending on the scanner, mode and tube
voltage of the scanner. The authors of the study identified that the k-factor for the con-
ventional chest CT examinations was not designed for cardiological examinations. It was
based on the older (now replaced by the ICRP 130) definition of effective dose according
to the ICRP 60 publication and was determined using three single-slice devices, which
differed significantly in the technology from the machines currently used for cardiac CT
examinations [23].

The authors of these papers concluded that the k-factors for the cardiac CT scans
for all the scanners and protocols were higher than the currently used k-factors for the
conventional chest CT scans. Therefore, the radiation doses from the cardiac CT scans
were significantly and systematically underestimated. The use of new k-factors in cardiac
CT scans may provide more precise guidance for determining the benefits and risks of
the testing. Other authors also mentioned higher organ conversion k-factors in their
publications. [27,29,30]

7. Summary

Cardiovascular CT examinations are becoming increasingly common, and their num-
ber and range of indications will continue to increase. The doses of ionising radiation
associated with these examinations have always been relatively high, but have been de-
creasing significantly in recent years, as shown by the studies of the daily practice. This is
due both to advances in CT scanner technology and an increase in the ability to optimise the
radiation doses. It is important to remember that radiation from medical sources ranks first
in possible exposures and that radiation doses are cumulative. Attention should be paid to
the radiation doses emitted to the patient in each case. However, it should be kept in mind
that some studies indicated that the organ conversion k-factor for cardiac examinations
needs to be increased. Therefore we may currently be underestimating the radiation doses
in these examinations. The reference dose levels may help to evaluate the CT protocols
used in each centre.
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Abbreviations

ACR American College of Radiology

AEC Automatic exposure control

AHA American Heart Association

ALARA As low as reasonably achievable

BEIR Committee  Biologic Effects of Ionizing Radiation Committee
BMI Body mass index

CS Calcium score

€T Computed tomography

CTA Coronary tomography angiography

CTCA Computed tomography coronary angiography
CTDI Computed tomography dose index

CTDlvol Volumetric computed tomography dose index
DLP Dose-length product

DLR Deep learning reconstruction

DLIR Deep learning image reconstruction

ED Effective dose

ERD Effective radiation dose

FBP Filtered back projection

ICA Invasive coronarography angiography

IEC International Electrotechnical Commission

IR Iterative reconstruction

LAR Lifetime attributable risk

LET Linear energy transfer

MOSFET Metal-oxide-semiconductor field-effect transistor
RDSR Radiation dose structured report

SSCT Society of Cardiovascular Computed Tomography
TAVI Transcatheter aortic valve implantation

TAVR Transcatheter aortic valve implantation replacement
UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation

References

1. Kordolaimi, S.D.; Efstathopoulos, E.P. Computed Tomography Radiation Dosimetry: From the indicators to the indications.
J. Comput. Assist. Tomogr. 2014, 38, 807-814. [CrossRef] [PubMed]

2. Harell, G.S.; Guthaner, D.F,; Breiman, R.S.; Morehouse, C.C.; Seppi, E.J.; Marshall, W.H.; Wexler, L. Stop-Action Cardiac Computed
Tomography. Radiology 1977, 123, 515-517. [CrossRef]

3. Guthaner, D.; Wexler, L.; Harell, G. CT demonstration of cardiac structures. Am. |. Roentgenol. 1979, 133, 75-81. [CrossRef]
[PubMed]

4. Budoff, M.; Achenbach, S.; Hecht, H.N.]. Atlas of Cardiovascular Computed Tomography; Springer: Berlin/Heidelberg, Germany, 2018.

5. Achenbach, S;; Giesler, T.; Ropers, D.; Ulzheimer, S.; Derlien, H.; Schulte, C.; Wenkel, E.; Moshage, W.; Bautz, W.; Daniel, W.G,; etal.
Detection of Coronary Artery Stenoses by Contrast-Enhanced, Retrospectively Electrocardiographically-Gated, Multislice Spiral
Computed Tomography. Circulation 2001, 103, 2535-2538. [CrossRef] [PubMed]

6. Knuuti, J.; Wijns, W,; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Prescott, E.; Storey, R.F; Deaton, C.; Cuisset,
T.; et al. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes. Eur. Heart |. 2020, 41, 407-477,
Erratum in Eur. Heart . 2020, 41, 4242. [CrossRef] [PubMed]

7. Collet, ].P; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T.; Folliguet,
T.; et al. 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting without persistent
ST-segment elevation. Eur. Heart |. 2021, 42, 1289-1367, Erratum in Eur. Heart ]. 2021, 42, 1908; Erratum in Eur. Heart |. 2021, 42,
1925; Erratum in Eur. Heart |. 2021, 42, 2298. [CrossRef]

8.  Mayo, J.R; Leipsic, J.A. Radiation dose in cardiac CT. AJR Am. |. Roentgenol. 2009, 192, 646-653. [CrossRef] [PubMed]

9.  Costello, J.E; Cecava, N.D.; Tucker, ].E.; Bau, ].L. Radiatradiation and chest: Current controversies and dose reduction strategies.
AJR Am. ]. Roentgenol. 2013, 201, 1283-1290. [CrossRef]

10. Sarma, A.; Heilbrun, M.E.; Conner, K.E.; Stevens, S.M.; Woller, S.C.; Elliott, C.G. Radiation and chest CT scan examinations: What
do we know? Chest 2012, 142, 750-760. [CrossRef]

11. Committee to Assess Health Risks from Exposure to Low Levels of lonizing Radiation. National Research Council. Health Risks from

Exposure to low levels of lonizing Radiation: BEIR VII-Phase 2; National Academies Press: Washington, DC, USA, 2006.

52



ROZPRAWA DOKTORSKA BARTLOMIEJ KEDZIERSKI

Life 2023, 13,990 27 of 29

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cardis, E.; Vrijheid, M.; Blettner, M.; Gilbert, E.; Hakama, M.; Hill, C.; Howe, G.; Kaldor, J.; Muirhead, C.R.; Schubauer-Berigan,
M,; et al. The 15-Country Collaborative Study of Cancer Risk among Radiation Workers in the Nuclear Industry: Estimates of
Radiation-Related Cancer Risks. Radiat. Res. 2007, 167, 396—416. [CrossRef]

Imanishi, Y.; Fukui, A.; Niimi, H.; Itoh, D.; Nozaki, K.; Nakaji, S.; Ishizuka, K.; Tabata, H.; Furuya, Y.; Uzura, M.; et al. Radiation-
induced temporary hair loss as a radiation damage only occurring in patients who had the combination of MDCT and DSA. Eur.
Radiol. 2004, 15, 41-46. [CrossRef] [PubMed]

Kreuzer, M.; Auvinen, A.; Cardis, E.; Hall, ].; Jourdain, ].-R.; Laurier, D.; Little, M.P,; Peters, A.; Raj, K.; Russell, N.S.; et al.
Low-dose ionising radiation and cardiovascular diseases—Strategies for molecular epidemiological studies in Europe. Mutat.
Res. Mol. Mech. Mutagen. 2015, 764, 90-100. [CrossRef] [PubMed]

Tang, ER.; Loganovsky, K. Low dose or low dose rate ionizing radiation-induced health effect in the human. J. Environ. Radioact.
2018, 192, 32-47. [CrossRef] [PubMed]

Baselet, B.; Rombouts, C.; Benotmane, A.M.; Baatout, S.; Aerts, A. Cardiovascular diseases related to ionizing radiation: The risk
of low-dose exposure (Review). Int. |. Mol. Med. 2016, 38, 1623-1641. [CrossRef]

Liu, X.-C.; Zhou, P.-K. Tissue Reactions and Mechanism in Cardiovascular Diseases Induced by Radiation. Int. ]. Mol. Sci. 2022,
23,14786. [CrossRef]

Skrzynski, W. Tomograficzny Indeks Dawki CTDI. Available online: https://www.researchgate.net/publication /315658247 _
Tomograficzny_indeks_dawki_CTDI (accessed on 15 November 2022).

Shapiro, B.P,; Young, PM.; Kantor, B.; Choe, Y.H.; McCollough, C.H.; Gerber, T.C. Radiation Dose Reduction in CT Coronary
Angiography. Curr. Cardiol. Rep. 2010, 12, 59-67. [CrossRef]

Huda, W.; Tipnis, S.; Sterzik, A.; Schoepf, U.]. Computing effective dose in cardiac CT. Phys. Med. Biol. 2010, 55, 3675-3684.
[CrossRef]

Gerber, T.C.; Carr, ].J.; Arai, A.E.; Dixon, R.L.; Ferrari, V.A.; Gomes, A.S.; Heller, G.V.; McCollough, C.H.; McNitt-Gray, M.E;
Mettler, EA.; et al. Ionizing Radiation in Cardiac Imaging: A science advisory from the American Heart Association Committee
on Cardiac Imaging of the Council on Clinical Cardiology and Committee on Cardiovascular Imaging and Intervention of the
Council on Cardiovascular Radiology and Intervention. Circulation 2009, 119, 1056-1065. [CrossRef]

Kalender, W.A. Dose in x-ray computed tomography. Phys. Med. Biol. 2014, 59, R129-R150. [CrossRef]

Trattner, S.; Halliburton, S.; Thompson, C.M.; Xu, Y.; Chelliah, A.; Jambawalikar, S.R.; Peng, B.; Peters, M.R.; Jacobs, ].E.; Ghesani,
M.; et al. Cardiac-Specific Conversion Factors to Estimate Radiation Effective Dose from Dose-Length Product in Computed
Tomography. JACC Cardiovasc. Imaging. 2018, 11, 64-74. [CrossRef]

Geleijns, J.; Joemai, RM.S.; Dewey, M.; de Roos, A.; Zankl, M.; Cantera, A.C.; Artells, M.S. Radiation Exposure to Patients in a
Multicenter Coronary Angiography Trial (CORE 64). Am. ]. Roentgenol. 2011, 196, 1126-1132. [CrossRef]

Lin, Z.X.; Zhou, C.S.; Schoepf, U.].; Eid, M.; Duguay, T.M.; Greenberg, W.T.; Luo, S.; Quan, W.; Zhou, F; Lu, G.M,; et al. Coronary
CT angiography radiation dose trends: A 10-year analysis to develop institutional diagnostic reference levels. Eur. J. Radiol. 2019,
113, 140-147. [CrossRef]

Schmermund, A.; Marwan, M.; Hausleiter, J.; Barth, S.; Bruder, O.; Kerber, S.; Korosoglou, G.; Leber, A.; Moshage, W.; Schroder,
S.; et al. Declining radiation dose of coronary computed tomography angiography: German cardiac CT registry experience
2009-2014. Clin. Res. Cardiol. 2017, 106, 905-912. [CrossRef]

Alkhorayef, M.; Sulieman, A.; Alzahrani, K.; Abuzaid, M.; Alomair, O.I.; Almuwannis, M.; Alghamdi, S.; Tamam, N.; Bradley,
D.A. Radiation risk for patients undergoing cardiac computed tomography examinations. Appl. Radiat. Isot. 2020, 168, 109520.
[CrossRef] [PubMed]

Lubbers, M.; Dedic, A.; Coenen, A.; Galema, T.; Akkerhuis, J.; Bruning, T.; Krenning, B.; Musters, P.; Ouhlous, M.; Liem, A_; et al.
Calcium imaging and selective computed tomography angiography in comparison to functional testing for suspected coronary
artery disease: The multicentre, randomized CRESCENT trial. Eur. Hear. |. 2016, 37, 1232-1243. [CrossRef]

Stocker, T.J.; Deseive, S.; Leipsic, J.; Hadamitzky, M.; Chen, M.Y.; Rubinshtein, R.; Heckner, M.; Bax, ].J.; Fang, X.M.; Grove,
E.L; et al. Reduction in radiation exposure in cardio-vascular computed tomography imaging: Results from the PROspective
multicenter registry on radiaTion dose Estimates of cardiac CT anglOgraphy iN daily practice in 2017 (PROTECTION VI). Eur.
Heart ]. 2018, 39, 3715-3723. [CrossRef] [PubMed]

Stocker, T.].; Leipsic, J.; Hadamitzky, M.; Chen, M.Y.; Rubinshtein, R.; Deseive, S.; Heckner, M.; Bax, ].J.; Kitagawa, K.; Marques,
H.; et al. Application of Low Tube Potentials in CCTA: Results from the PROTECTION VI Study. JACC Cardiovasc. Imaging. 2020,
13, 425-434. [CrossRef] [PubMed]

Stocker, T.J.; Deseive, S.; Chen, M.; Leipsic, J.; Hadamitzky, M.; Rubinshtein, R.; Grove, E.L.; Fang, X.-M.; Lesser, ].; Maurovich-
Horvat, P; et al. Rationale and design of the worldwide prospective multicenter registry on radiation dose estimates of cardiac
CT angiography in daily practice in 2017 (PROTECTION VI). J. Cardiovasc. Comput. Tomogr. 2017, 12, 81-85. [CrossRef] [PubMed]
Harries, I.; Weir-McCall, J.R.; Williams, M.C.; Shambrook, J.; Roditi, G.; Bull, R.; Morgan-Hughes, G.J.; Nicol, E.D.; Moss, A.]. CT
imaging prior to transcatheter aortic valve implantation in the UK. Open Hear. 2020, 7, €001233. [CrossRef]

Alhailiy, A.B.; Ekpo, E.U.; A Ryan, E.; Kench, PL.; Brennan, P.C.; McEntee, M.E. Diagnostic reference levels for cardiac ct
angiography in australia. Radiat. Prot. Dosim. 2018, 182, 525-531. [CrossRef]

53



ROZPRAWA DOKTORSKA BARTLOMIEJ KEDZIERSKI

Life 2023, 13, 990 28 of 29

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52!

53.

54.

585;

56.

D7

Mafalanka, F; Etard, C.; Rehel, ].L.; Pesenti-Rossi, D.; Amrar-Vennier, E; Baron, N.; Christiaens, L.; Convers-Domart, R.; Defez, D.;
Douek, P; et al. Establishment of diagnostic reference levels in cardiac CT in France: A need for patient dose optimisation. Radiat.
Prot. Dosim. 2014, 164, 116-119. [CrossRef] [PubMed]

Alhailiy, A.B.; Kench, P.L.; McEntee, M.E; Brennan, P.C.; A Ryan, E. Establishing diagnostic reference levels for cardiac computed
tomography angiography in saudi arabia. Radiat. Prot. Dosim. 2018, 181, 129-134. [CrossRef] [PubMed]

Chen, L.-G.; Wu, P-A,; Tu, H.-Y;; Sheu, M.-H.; Huang, L.-C. Diagnostic reference levels of cardiac computed tomography
angiography in a single medical center in taiwan: A 3-y analysis. Radiat. Prot. Dosim. 2021, 194, 36-41. [CrossRef] [PubMed]
Einstein, A.].; Henzlova, M.].; Rajagopalan, S. Estimating Risk of Cancer Associated with Radiation Exposure From 64-Slice
Computed Tomography Coronary Angiography. JAMA 2007, 298, 317-323. [CrossRef] [PubMed]

Hurwitz, L.M.; Reiman, R.E.; Yoshizumi, T.T.; Goodman, P.C.; Toncheva, G.; Nguyen, G.; Lowry, C. Radiation Dose from
Contemporary Cardiothoracic Multidetector CT Protocols with an Anthropomorphic Female Phantom: Implications for Cancer
Induction. Radiology 2007, 245, 742-750. [CrossRef]

Huda, W. Radiation Doses and Risks in Chest Computed Tomography Examinations. Proc. Am. Thorac. Soc. 2007, 4, 316-320.
[CrossRef]

Truong, Q.A.; Rinehart, S.; Abbara, S.; Achenbach, S.; Berman, D.S.; Bullock-Palmer, R.; Carrascosa, P.; Chinnaiyan, K.M.; Dey, D.;
Ferencik, M.; et al. Coronary computed tomographic imaging in women: An expert consensus statement from the Society of
Cardiovascular Computed Tomography. |. Cardiovasc. Comput. Tomogr. 2018, 12, 451-466. [CrossRef]

Strona Ministerstwa Klimatu i Srodowiska Rzeczpospolitej Polskiej. Available online: https://www.gov.pl/web/klimat/
promieniowanie-jonizujace (accessed on 18 November 2022).

Bischoff, B.; Hein, F,; Meyer, T.; Hadamitzky, M.; Martinoff, S.; Schomig, A.; Hausleiter, J. Impact of a reduced tube voltage on CT
angi-ography and radiation dose: Results of the PROTECTION I study. JACC Cardiovasc. Imaging. 2009, 2, 940-946. [CrossRef]
Piechowiak, E.I; Peter, J.-EW.; Kleb, B.; Klose, K.J.; Heverhagen, J. Intravenous Iodinated Contrast Agents Amplify DNA
Radiation Damage at CT. Radiology 2015, 275, 692-697. [CrossRef]

Spears, J.R.; Schoepf, U.].; Henzler, T.; Joshi, G.; Moscariello, A.; Vliegenthart, R.; Cho, Y.J.; Apfaltrer, P.; Rowe, G.; Weininger,
M,; et al. Comparison of the Effect of Iterative Reconstruction versus Filtered Back Projection on Cardiac CT Postprocessing. Acad.
Radiol. 2014, 21, 318-324. [CrossRef]

Naoum, C.; Blanke, P,; Leipsic, |. Iterative reconstruction in cardiac CT. ]. Cardiovasc. Comput. Tomogr. 2015, 9, 255-263. [CrossRef]
[PubMed]

Tumur, O.; Soon, K.; Brown, F; Mykytowycz, M. New scanning technique using Adaptive Statistical Iterative Reconstruction
(ASIR) significantly reduced the radiation dose of cardiac CT. |. Med Imaging Radiat. Oncol. 2013, 57,292-296. [CrossRef] [PubMed]
Renker, M.; Ramachandra, A.; Schoepf, U.J.; Raupach, R.; Apfaltrer, P.; Rowe, G.W.; Vogt, S.; Flohr, T.G.; Kerl, ].M.; Bauer,
R.W.; et al. Iterative image reconstruction techniques: Applications for cardiac CT. J. Cardiovasc. Comput. Tomogr. 2011, 5, 225-230.
[CrossRef] [PubMed]

Shin, Y.J.; Chang, W.; Ye, ].C.; Kang, E.; Oh, D.Y.; Lee, YJ.; Park, ].H.; Kim, Y.H. Low-Dose Abdominal CT Using a Deep Learning-
Based Denoising Algorithm: A Comparison with CT Reconstructed with Filtered Back Projection or Iterative Reconstruction
Algorithm. Korean |. Radiol. 2020, 21, 356-364. [CrossRef]

Kulathilake, K.A.S.H.; Abdullah, N.A_; Sabri, A.Q.M.; Lai, KW. A review on Deep Learning approaches for low-dose Computed
Tomography restoration. Complex Intell. Syst. 2021, 1-33. [CrossRef] [PubMed]

Kaur, R.; Juneja, M.; Mandal, A.K. A comprehensive review of denoising techniques for abdominal CT images. Multimedia Tools
Appl. 2018, 77, 22735-22770. [CrossRef]

Nagayama, Y.; Sakabe, D.; Goto, M.; Emoto, T.; Oda, S.; Nakaura, T.; Kidoh, M.; Uetani, H.; Funama, Y.; Hirai, T. Deep Learning—
based Reconstruction for Lower-Dose Pediatric CT: Technical Principles, Image Characteristics, and Clinical Implementations.
Radiographics 2021, 41, 1936-1953. [CrossRef]

Benz, D.C.; Ersozlii, S.; Mojon, EL.A.; Messerli, M.; Mitulla, A.K.; Ciancone, D.; Kenkel, D.; Schaab, ].A.; Gebhard, C.; Pazhenkottil,
A.P; et al. Radiation dose reduction with deep-learning image reconstruction for coronary computed tomography angiography.
Eur. Radiol. 2021, 32, 2620-2628. [CrossRef]

Bernard, A.; Comby, P.-O.; Lemogne, B.; Haioun, K_; Ricolfi, F.; Chevallier, O.; Loffroy, R. Deep learning reconstruction versus
iterative reconstruction for cardiac CT angiography in a stroke imaging protocol: Reduced radiation dose and improved image
quality. Quant. Imaging Med. Surg. 2021, 11, 392—401. [CrossRef]

Kang, E.; Koo, H.].; Yang, D.H.; Seo, ].B.; Ye, ].C. Cycle-consistent adversarial denoising network for multiphase coronary CT
angiography. Med Phys. 2018, 46, 550-562. [CrossRef]

Kosmala, A.; Petritsch, B.; Weng, A.M.; Bley, T.A.; Gassenmaier, T. Radiation dose of coronary CT angiography with a third-
generation dual-source CT in a “real-world” patient population. Eur. Radiol. 2018, 29, 4341-4348. [CrossRef] [PubMed]

Madaj, P; Li, D.; Nakanishi, R.; Andreini, D.; Pontone, G.; Conte, E.; Franzcr, R.O.; Hamilton-Craig, C.; Nimmagadda, M.; Kim,
N.; et al. Lower Radiation Dosing in Cardiac CT Angiography: The CONVERGE Registry. ]. Nucl. Med. Technol. 2020, 48, 58-62.
[CrossRef] [PubMed]

Soschynski, M.; Hagen, E; Baumann, S.; Hagar, M.T.; Weiss, ].; Krauss, T.; Schlett, C.L.; Miihlen, C.V.Z.; Bamberg, F; Nikolaou,
K.; et al. High Temporal Resolution Dual-Source Photon-Counting CT for Coronary Artery Disease: Initial Multicenter Clinical
Experience. J. Clin. Med. 2022, 11, 6003. [CrossRef] [PubMed]

54



ROZPRAWA DOKTORSKA BARTLOMIEJ KEDZIERSKI

Life 2023, 13, 990 29 of 29

58. Blanke, P; Weir-McCall, J.R.; Achenbach, S.; Delgado, V.; Hausleiter, J.; Jilaihawi, H.; Marwan, M.; Nergaard, B.L.; Pi-
azza, N.; Schoenhagen, P.; et al. Computed tomography imaging in the context of transcatheter aortic valve implantation
(TAVI) /transcatheter aortic valve replacement (TAVR) an expert consensus document of the Society of Cardiovascular Computed
Tomography. JACC: Cardiovasc. Imaging 2019, 12, 1-24. [CrossRef]

59. Shnayien, S.; Beetz, N.L.; Bressem, K.K.; Hamm, B.; Niehues, S.M. Comparison of a High-Pitch Non-ECG-Gated and a Prospective
ECG-Gated Protocol for Preprocedural Computed Tomography Imaging Before TAVI/ TAVR. Rofo 2022, 195, 139-147. [CrossRef]

60. Dankerl, P.; Hammon, M.; Seuss, H.; Trobs, M.; Schuhbaeck, A.; Hell, M.M.; Cavallaro, A.; Achenbach, S.; Uder, M.; Marwan,
M. Computer-aided evaluation of low-dose and low-contrast agent third-generation dual-source CT angiography prior to
transcatheter aortic valve implantation (TAVI). Int. |. Comput. Assist. Radiol. Surg. 2016, 12, 795-802. [CrossRef]

61. Schicchi, N.; Fogante, M.; Pirani, P.E.; Agliata, G.; Piva, T.; Tagliati, C.; Marcucci, M.; Francioso, A.; Giovagnoni, A. Third
generation dual source CT with ultra-high pitch protocol for TAVI planning and coronary tree assessment: Feasibility, image
quality and diagnostic performance. Eur. |. Radiol. 2019, 122, 108749. [CrossRef]

62. Annoni, A.D.; Andreini, D.; Pontone, G.; Mancini, M.E.; Formenti, A.; Mushtaq, S.; Baggiano, A.; Conte, E.; Guglielmo, M.;
Muscogiuri, G.; et al. CT angiography prior to TAVI procedure using third-generation scanner with wide volume coverage:
Feasibility, renal safety and diagnostic accuracy for coronary tree. Br. |. Radiol. 2018, 91, 20180196. [CrossRef]

63. Wuest, W.; Anders, K.; Schuhbaeck, A.; May, M.S.; Gauss, S.; Marwan, M.; Arnold, M.; Ensminger, S.; Muschiol, G.; Daniel,
W.G,; et al. Dual source multidetector CT-angiography before Transcatheter Aortic Valve Implantation (TAVI) using a high-pitch
spiral acquisition mode. Eur. Radiol. 2011, 22, 51-58. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

55



ROZPRAWA DOKTORSKA

BARTELOMIEJ KEDZIERSKI

PRACANR 2

Original papers

Radiation dose and repeatability of aortic valve measurement
by multidetector row computed tomography to assess eligibility
for transcatheter aortic valve implantation

Barttomiej Kedzierski"*-2F, Pawet Gac'»"->F, Martyna Gtosna'®F, Rafat Poreba®*“Ef, Krystyna Pawlast*

! Centre for Diagnostic Imaging, 4" Military Hospital, Wroctaw, Poland
2 Department of Hygiene, Wroclaw Medical University, Poland
* Department of Internal Medicine, Occupational Diseases and Hypertension, Wroclaw Medical University, Poland

A —research concept and design; B — collection and/or assembly of data; C — data analysis and interpretation;
D — writing the article; E — critical revision of the article; F — final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899-5276 (print), ISSN 24512680 (online)

Address for correspondence
Pawet Gac
E-mail: pawelgac@interia.pl

Funding sources
None declared

Conflict of interest
None declared

Received on September 23,2019
Reviewed on May 17, 2020
Accepted on June 7, 2020

Published online on August 27, 2020

Citeas

Kedzierski B, Gac P, Gtosna M, Poreba R, Pawlas K.

Radiation dose and repeatability of aortic valve measurement
by multidetector row computed tomography to assess
eligibility for transcatheter aortic valve implantation.

Adv Clin Exp Med. 2020;29(8):983-992.
doi:10.17219/acem/123624

DOI
10.17219/acem/123624

Copyright

Copyright by Author(s)

This s an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2020;29(8):983-992

Abstract

Background. Aortic valve stenosis is among the most common valvular defects in developed countries.
In the assessment of eligibility for transcatheter aortic valve implantation (TAVI), multidetector row computed
tomography (MDCT) is performed to determine the precise dimensions of the aortic valve, the topography
of the aortic ostium and the ability to use various arterial access routes.

Objectives. To evaluate the relationships between the radiation dose and the repeatability of measurements
of dimensions of the aortic valve in MDCT performed before TAVI.

Material and methods. The study involved a group of 60 consecutive patients undergoing MDCT before
TAVI. The radiation dose was expressed as computed tomography dose index volume (CTDIvol) and dose
length product (DLP). The coefficient of variation (CV) of each measurement was defined as the standard
deviation (SD) of the measurements/mean measurement x 100%, based on the measurements performed
independently by 2 radiologists.

Results. A statistically significant negative linear correlation was observed between the DLP value
of the MDCT before TAVI, and the CV of the measurement of the minimum dimension of the aortic annulus
(r=—0.25; p < 0.05). Lower DLP doses of the MDCT before TAVI constitute an independent factor associated
with a higher CV for the measurement of the minimum dimension of the aortic annulus.

Conclusions. It is proposed that tests using lower radiation doses should be followed by an assessment
of the degree of repeatability of the aortic valve sizing.

Key words: aortic valve, coefficient of variation, radiation dose, TAVI, repeatability of measurement
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Introduction

Aortic valve stenosis is among the most common val-
vular defects in developed countries.! The treatment
of choice in patients with severe aortic stenosis is implan-
tation of a prosthetic aortic valve.? For a large group of el-
derly patients with a significant burden of comorbidities,
the risk of classic cardiosurgical aortic valve replacement
is too high. The solution in these patients is transcutane-
ous (transcatheter) aortic valve implantation (TAVI).>*
In the assessment of eligibility for TAVI, standard imaging
tests are performed to determine the precise dimensions
of the aortic valve, the topography of the aortic ostium and
the ability to use various arterial access routes. Currently,
the standard examination is multidetector row computed
tomography (MDCT) of the heart and large vessels.>®

Computed tomography (CT) scans expose patients
to ionizing radiation. Due to a direct effect on the double
DNA helix, and — as a result of water radiolysis — the for-
mation of free oxygen radicals interacting with the DNA
(i.e., an indirect effect), ionizing radiation causes modifica-
tions in the cellular genetic material that may be associated
with deterministic and stochastic consequences.” Follow-
ing the principles established by the International Com-
mission on Radiological Protection (ICRP), no procedure
involving radiation exposure should be performed un-
less it provides sufficient benefits to the exposed patients
or society, outweighing the radiation-induced damage
to the health related to this procedure. If the benefit-to-
harm balance associated with procedures using ionizing
radiation is positive, it is necessary to find a way to opti-
mize the radiation dose.® Following the rules of radiologi-
cal protection and the ALARA principle (as low as rea-
sonably achievable), the ionizing radiation dose should
preferably be reduced during those procedures using this
form of radiation. An adequate level of quality for the di-
agnostic images should be maintained; however, if a minor
loss of quality allows the radiation dose to be reduced,
it is justified.*1°

Minimizing the radiation for those studies involving
high doses, such as CT of the heart and large vessels dur-
ing the assessment for TAV], is particularly important,
as there is a direct relationship between the radiation dose
and the risk of stochastic consequences from the ionizing
radiation.!! However, the costs associated with reduced
exposure due to the use of lower exposure doses increase
disproportionately to the degree of effective dose reduc-
tion.!?> Therefore, it is not socially justified or economi-
cally profitable to avoid every small risk. Therefore, efforts
should be focused on optimizing high and moderate doses.

It may be interesting to determine whether or not
the attempt to decrease the dose used in MDCT stud-
ies during the assessment of eligibility for TAVI would
result in an overly significant reduction in scan quality,
in this case defined primarily as reduced repeatability
of aortic valve sizing. To achieve this goal, the hypothesis

regarding the relationship between the ionizing radiation
dose in standard MDCT examinations and the repeat-
ability of aortic valve sizing needs to be verified.

Study purpose

The aim of the study was to assess the relationships
between the ionizing radiation dose and the repeatabil-
ity of the aortic dimension measurements using MDCT,
as part of a standard assessment of eligibility for TAVL.

Material and methods
Study group

The study involved a group of 60 consecutive patients,
who received MDCT of the heart and large vessels as part
of the eligibility assessment for TAVI in the years 2012—
2016. The mean age of the subjects was 79.60 +9.17 years,
and mean body mass index (BMI) was 27.85 +3.99 kg/m?.
In the study, 63.3% of the subjects were males and 36.7%
were females. Only 25.0% of the subjects had normal body
weight, 51.7% were overweight and 23.3% were obese.
The clinical characteristics of the study group are pre-
sented in Table 1.

Study design

The study was part of the project “Possible optimiza-
tion of ionizing radiation dose in computed tomography
studies during the eligibility assessment for transcath-
eter aortic valve implantation”. The study protocol was
approved by the local bioethics committee (approval No.
KB 198/2018). Clinical data of all the subjects were col-
lected, and all the patients received a MDCT examination
of the heart and large vessels.

Basic anthropometric parameters

The BMI was calculated using the following for-
mula: BMI = body weight [kg]/height [m] 2. Body sur-
face area (BSA) was derived on the basis of the DuBois
formula: BSA = 0.007184 x body weight [kg] 70.425 x
height [cm] 70.725. Normal body weight was defined
as BMI < 25 kg/m?, overweight was defined as BMI
25-29.9 kg/m? and obesity was defined as BMI > 30 kg/m?.

MDCT studies

All the MDCT examinations of the heart and large ves-
sels during the eligibility assessment for TAVI were per-
formed using a SOMATOM Definition Dual-Source CT
scanner (Siemens Healthcare, Kemnath, Germany), follow-
ing a standardized angiography protocol. The study proto-
col included a topogram, pre-monitoring and monitoring
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Table 1. Clinical characteristics of the study group (n = 60)

Variable | X ‘ Me | Min ‘ Max | SD

Age [years] 79.60 82.00 44.00 95.00 9.17
Height [cm] ‘ 169.55 170.00 148,00 186.00 8.08
Body mass [kg] 80.10 80.00 52.00 112.00 12.84
BMI [kg/m?] 27.85 28.32 1927 37.38 399
BSA [m?] 191 193 1.50 230 0.17
Gender, n (%)

men 38(633)

women 22(36.7)
Body mass, n (%)

normal body mass 15 (25.0)

overweight 31(51.7)

obesity 14 (233)

BMI — body mass index; BSA — body surface area; Max — maximum value; Min — minimum value; n — number of patients; SD — standard deviation;
X — arithmetic mean.

at the level of tracheal bifurcation, with acquisition trig- Tomography expert consensus document on CT imag-
gered by the required contrast enhancement of the region ing before TAVI/transcatheter aortic valve replacement
of interest (ROI) in the ascending aorta, an electrocardi- (TAVR).® For the purpose of this project, the tests were as-
ography (ECG)-gated thoracic arterial phase angiography, sessed independently by 2 radiologists with 7 and 10 years
and a non-ECG-gated angiography of the abdominal and of experience in the assessment of CT heart scans, re-
pelvic arteries. The basic technical parameters of the an- spectively. The assessment involved the following param-
giographic phases included: craniocaudal direction of im- eters of the aortic valve and root: type of valve (number
age acquisition, spiral method of image acquisition, study of leaflets); maximum, minimum and mean dimension
scope from the pulmonary apexes to half the length of the aortic annulus; maximum, minimum and mean
of the femoral shafts, layer collimation of 0.6 mm, expo- dimension of the aortic root and its height; and distance
sure kilovoltage of 120 units, and variable mAs values. between the left and the right coronary artery ostia and
The examination involved an intravenous administration the aortic annulus (Fig. 1A—F). All the measurements were
of a contrast medium at a volume determined by the pa- expressed in millimeters to an accuracy of 0.1 mm.

tient’s body weight. Between 90 mL and 120 mL of iodine-

based, non-ionic contrast medium was administered using Assessment of the repeatability
an automatic syringe into the veins in the cubital fossa with of measurements

infusion rate of 4.0 mL/s. Reconstructions were performed

in axial orientations, in layers of 3.0 mm and 0.75 mm, and The analysis of repeatability of the measurements in-
secondary multi-planar reconstructions (MPRs) were ob- volved the following quantitative variables, calculated
tained in the coronal and sagittal planes, using maximum on the basis of the measurement of the aortic valve and
intensity projection (MIP) and volume rendering technique aortic root parameters, performed independently by 2 ra-
(VRT) algorithms. diologists experienced in the evaluation of the cardiovas-
cular system: measurement mean (X), standard deviation
Ionizing radiation dose (SD), absolute difference (AD), relative difference (RD),
and coefficient of measurement variation (CV). The fol-
The ionizing radiation dose was determined by record- lowing mathematical formulas were used to calculate
ing automated measurements performed using CT. The ra- the above characteristics of measurement repeatabil-
diation dose was expressed as computed tomography dose ity: AD = |measurement 1 — measurement 2[; RD = AD
index volume (CTDIvol) and dose length product (DLP) for of the measurement/X of the measurement; CV = SD
the thoracic arterial phase MDCT. of the measurement/X of the measurement x 100%.
Absolute difference was expressed in mm, RD had no unit,
Aortic valve assessment and CV was expressed as percentage.
The CT scans of the heart and large vessels were ana- Subgroups
lyzed in terms of assessing the aortic valve and aortic root
sizing, topography of the aortic ostium and the possibil- In the comparative analyses of the studied group
ity to use various arterial access routes during the TAVI of MDCT examinations conducted to assess eligibility
procedure. The tests were evaluated following the recom- for TAVI, the following subgroups were distinguished,
mendations of the Society of Cardiovascular Computed based on the median CTDIvol and DLP values for
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Fig. 1. Computed tomography aortic valve measurements: A) maximum and minimum dimension of the aortic annulus (mean dimension
of the aortic annulus = (maximum dimension of the aortic annulus + minimum dimension of the aortic annulus)/2); B) maximum and
minimum dimension of the aortic root (mean dimension of the aortic root = (maximum dimension of the aortic root + minimum
dimension of the aortic root)/2); C) aortic annulus and aortic root measurement planes; D) height of the aortic root; E) distance between
the left coronary artery ostium and the aortic annulus; F) distance between the right coronary artery ostium and the aortic annulus
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the thoracic arterial phase of the MDCT. Based on the me-
dian CTDlvol (43.92 mGy), alow CTDIvol (CTDIvol < Me,
n = 30) and a high CTDIvol (CTDIvol > Me, n = 30) sub-
group were identified. Considering the median DLP
(1143.00 mGy), a low DLP (DLP < Me, n = 29) and a high
DLP (DLP = Me, n = 31) subgroup were identified.

Statistical analysis

Statistical analyses were conducted using Dell Statistica
v. 13 software (Dell Inc., Austin, USA). The quantitative
variables were characterized with arithmetic means, me-
dians, maximum and minimum values, and SD. The dis-
tribution of the variables was verified using the Shapiro—
Wilk W test. Due to absence of normal distribution
in comparative analyses, the Mann—Whitney U test was
used. The results for qualitative variables were character-
ized by absolute values and percentages. In order to de-
termine the relationships between the analyzed variables,
both correlation analysis (2 variables) and multiple regres-
sion analyses (more than 2 variables) were conducted.
Those results with p < 0.05 were considered statistically
significant.

Results

The mean CTDlvol and DLP values for the thoracic arte-
rial phase of the MDCT during the eligibility assessment
for TAVI were 48.71 +20.33 mGy and 1319.98 +613.58
mGycm, respectively. In the studied population, 93.3%

of the patients had a tricuspid aortic valve, 5% had a bi-
cuspid aortic valve and 1.7% had a quadricuspid aortic
valve. The mean dimensions of the aortic annulus and
the aortic root were 24.44 +2.50 mm and 32.20 +3.95 mm,
respectively. The complete results of aortic valve assess-
ment in the MDCT tests for TAVI in the studied group
of patients are presented in Table 2.

The analysis of repeatability of aortic valve measure-
ments in the MDCT tests assessing the eligibility for TAVI
in the studied subjects showed the greatest absolute mea-
surement difference in the distance between the left coro-
nary artery ostium and the aortic annulus (1.77 £0.96 mm),
whereas the smallest absolute measurement difference
was found in the mean dimension of the aortic annulus
(0.97 +0.60 mm). The greatest relative measurement dif-
ference and the highest CV was observed in the distance
between the left coronary artery ostium and aortic annulus
(0.13 +£0.07% and 9.24 +5.17%, respectively). The small-
est relative measurement difference and the smallest
CV were found in the mean dimension of the aortic root
(0.03 +0.02% and 2.39 +1.72%, respectively). The results
of the analysis of aortic valve measurement repeatability
in the MDCT tests for TAVI in the studied group of pa-
tients are presented in Table 3.

A comparative analysis did not reveal any statistically
significant differences in the mean values of the param-
eters characterizing the repeatability of individual aortic
valvular measurements between the groups identified
based on the median CTDIvol in the thoracic arterial phase
of the MDCT examination used to assess the eligibility for
TAVI (Table 4).

Table 2. Aortic valve assessment in MDCT scans evaluating the eligibility for TAVI in the study group (n = 60)

Variable ‘ n ‘ %

Number of aortic valve leaflets

2 3 50

3 56 933

4 1 17

Statistical variable \ X | Me | Min | Max \ sD

Aortic annulus

maximum dimension [mm] 27.04 27.00 2250 35.50 3.05

minimum dimension [mm] 21.84 21.50 17.50 31.00 283

mean dimension [mm] 2444 23.88 20.00 3150 2.50
Aortic root

maximum dimension [mm] 33.95 3375 27.50 45.00 416

minimum dimension [mm] 30.44 30.00 18.00 4450 433

mean dimension [mm] 32.20 31.75 24.25 4475 3.95

height [mm] 2123 20.75 17.00 29.00 271
Distance between a coronary artery ostium ‘
and the aortic annulus

left coronary artery [mm] 13.78 14.00 825 1850 247

right coronary artery [mm] 15.06 15.00 10.50 20.50 251
Radiation dose

CTDIvol [mGy] 4871 4392 24.60 99.14 2033

DLP [mGycm] 1319.98 1143.00 420.00 2887.00 613.58

Aortic valve dimensions and distances: mean values of measurements conducted by 2 researchers; CTDIvol — computed tomography dose index
volume; DLP - dose length product; Max — maximum value; Min — minimum value; n — number of patients; SD - standard deviation; X — arithmetic mean;
TAVI - transcatheter aortic valve implantation; MDCT - multidetector row computed tomography.
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Table 3. Analysis of repeatability of aortic valve measurements in MDCT scans evaluating the eligibility for TAVI in the study group (n = 60).

Measurement | Measurement | Measurement | Measurement | Measurement | Measurement | Measurement

Variable i p X SD AD RD cv
[mm] [mm] [mm] [mm] [mm] %]

Aortic annulus

Maximum dimension | 2672+311 2737 £3.15 27.04 £3.05 0.95+0.53 135 +0.76 0.05 +0.03 358+2.12
Minimum dimension ‘ 21.60+2.78 22.08 +3.05 21844283 ‘ 0.84 +0.63 1.18 £0.89 0.05+0.04 3.83+292
Mean dimension \ 24.16 +2.57 2473253 24444250 | 0684042 0.97 £0.60 0.04 £0.02 281+1.74
Aortic root
Maximum dimension | 33481418 3442 +4.28 33.95+4.16 1.01 £0.66 143 +093 0.04 +0.03 3.03 +2.00
Minimum dimension ‘ 3045 +4.35 3043 +4.46 3044 +4.33 ‘ 093 +0.73 1.32+1.03 0.05 +0.04 320+259
Mean dimension ‘ 31.97 £398 32431401 32204395 0.74 049 1.04 +0.69 0.03 £0.02 239+£1.72
Height ‘ 21.87 £2.80 20.60 +2.84 2123 +2.71 124071 1.75 £1.01 0.08 £0.05 587 +3.34
Distance between coronary artery ostium and aortic annulus
Left coronary artery \ 1443 +2.73 1312244 1378 +247 ‘ 1.25+0.68 1.77 £0.96 0.13+0.07 924 +5.17
Right coronary artery ‘ 1447 £2.58 15.65+2.73 1506 £2.51 1.24 £0.79 175100 0.12+0.07 829 +5.22

Values are expressed as mean =+ standard deviation (SD); AD - absolute difference; CV - coefficient of variation; RD - relative difference; X — arithmetic
mean; TAVI - transcatheter aortic valve implantation; MDCT — multidetector row computed tomography.

Table 4. Analysis of repeatability of aortic valve measurements in MDCT scans evaluating the eligibility for TAVI in subgroups identified based on median
CTDlvol

Low CTDIvol (CTDIvol < Me, High CTDIvol (CTDIvol = Me,

Variable n=30) =30)

p-value

Aortic annulus

measurement AD [mm)] 133+0.76 137 +0.76 0.866

Maximum dimension measurement RD 0.05 +0.03 0.05 +0.03 0.878
measurement CV [%] 363+2.18 354 +2.10 0878

measurement AD [mm] 1.17 £091 1.20 +0.89 0.886

Minimum dimension measurement RD 0.05 +0.04 0.06 +0.04 0.801
measurement CV [%] 3734292 393 +2.96 0.801

measurement AD [mm)] 0.88 +0.52 1.05 +0.66 0.282

Mean dimension measurement RD 0.04 £0.02 0.04 +0.03 0.290
measurement CV [%] 257 £1.50 305+1.95 0.290

Aortic root

measurement AD [mm)] 147 £0.94 140 +0.93 0.783

Maximum dimension measurement RD 0.05 +0.03 0.04 +0.03 0458
measurement CV [%] 322+2.19 2.83+1.81 0458

measurement AD [mm] 1.40 £0.93 123 +1.14 0537

Minimum dimension measurement RD 0.05 £0.03 0.04 £0.04 0510
measurement CV [%] 342+234 297 +2.84 0510

measurement AD [mm] 1.17 £0.75 0.92 +0.62 0.163

Mean dimension measurement RD 0.04 £0.03 0.03 £0.02 0.147
measurement CV [%] 271 £191 207 £147 0.147

measurement AD [mm)] 1.87 +1.05 1.63 +0.96 0374

Height measurement RD 0.09 £0.05 0.08 +£0.04 0.449
measurement CV [%] 6.20 £3.61 5.54 £3.08 0.449

Distance between the coronary artery ostium and the aortic annulus

measurement AD [mm] 1.82 £0.97 1.72 £0.97 0.691

Left coronary artery measurement RD 0.13 £0.07 0.13 £0.08 0.827
measurement CV [%] 9.10 £5.11 9.39 £5.32 0.827

measurement AD [mm] 160 £1.16 1.90 +1.06 0301

Right coronary artery measurement RD 0.11 £0.08 0.13 +0.07 0.234
measurement CV [%] 748 £5.35 9.10 £5.04 0.234

Values are expressed as mean + standard deviation (SD); AD - absolute difference; CTDIvol - computed tomography dose index volume;
TAVI - transcatheter aortic valve implantation; MDCT — multidetector row computed tomography; CV - coefficient of variation; RD - relative difference.
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Table 5. Analysis of repeatability of aortic valve measurements in MDCT scans evaluating the eligibility for TAVI in subgroups identified based on median DLP

Variable Low DLP (DLP < Me, n = 29) High DLP (DLP = Me, n = 31) p-value
Aortic annulus
measurement AD [mm] ! 1.38+0.78 1324075 ‘ 0.774
Maximum dimension measurement RD 0.05 +0.03 0.05 £0.03 0.782
measurement CV (%] 366 +2.23 351 +2.06 0.782
measurement AD [mm] 1.38 +0.98 1.00 £0.77 0.100
Minimum dimension measurement RD 0.06 +0.05 0.05 £0.03 0.121
measurement CV %] 444 £327 326 +247 0.121
measurement AD [mm] 0.97 £0.63 0.97 +0.58 0.989
Mean dimension measurement RD 0.04 +0.03 0.04 +0.02 0.833
measurement CV [%)] 276 +1.84 2.86 +1.68 ‘ 0.833
Aortic root
measurement AD [mm] 141 £0.87 145 £0.99 0.876
Maximum dimension measurement RD 0.04 +£0.03 0.04 +0.03 0.831
measurement CV [%)] 3.09+2.08 297 £1.96 0.831
measurement AD [mm)] 138 +1.08 1.26 +1.00 0.654
Minimum dimension measurement RD 0.05 +0.04 0.04 +0.03 0.600
measurement CV [%] 3384277 3.02 4244 0.600
measurement AD [mm] 1.35+0.68 0.73 £0.65 0018*
Mean dimension measurement RD 0.05 +0.03 0.02 £0.02 0.020*
measurement CV [%)] 290 +1.81 1.88+1.49 0.020*
measurement AD [mm)] 184 +1.11 1.66 +0.91 0.485
Height measurement RD 0.09 £0.05 0.08 +0.04 0441
measurement CV [%] 622 +3.73 5.55 297 0.441
Distance between the coronary artery ostium and the aortic annulus
measurement AD [mm] 1.74 £1.07 1.79 +0.86 0.846
Left coronary artery measurement RD 0.12 £0.07 0.14 +0.07 0430
measurement CV [%] 869 +5.26 9.76 £5.12 0430
measurement AD [mm)] 169 +1.07 1.81+£1.17 0.689
Right coronary artery measurement RD 0.11 £0.07 0.12 £0.08 0.644
measurement CV [%)] | 796 +4.74 8.59 £5.69 0.644

Values are expressed as mean + standard deviation (SD); *p < 0.05; AD — absolute difference; DLP — dose length product; CV — coefficient of variation;
RD - relative difference; TAVI — transcatheter aortic valve implantation; MDCT — multidetector row computed tomography.

A comparative analysis of the mean values of the param-
eters characterizing the repeatability of various aortic valve
measurements between the subgroups, based on the medi-
an DLP for the thoracic arterial phase of the MDCT exami-
nation in the assessment of eligibility for TAVI, revealed
significant statistical differences regarding the measure-
ment of the mean aortic root dimension. In the low DLP
subgroup (DLP value < the median), the absolute measure-
ment difference, the relative measurement difference and
the CV in the case of the mean dimension of the aortic
valve were significantly higher than in the high DLP sub-
group (DLP value > of the median) (Table 5).

A correlation analysis of the investigated group of tests
demonstrated statistically significant negative linear cor-
relations between the DLP value in the thoracic arterial
phase of the MDCT during the assessment of eligibility
for TAVI, and the AD, RD and CV of the measurement
of the minimum dimension of the aortic annulus (r = -0.26,
r=-0.25and r = -0.25, respectively; p < 0.05). In addition,
positive linear correlations were presented between BMI
and AD, RD and CV of the measurement of the minimum
dimension of the aortic root (r = 0.28,r = 0.31 and r = 0.31,
respectively; p < 0.05), as well as between BMI and AD,

RD and CV of the distance between the left coronary ar-
tery ostium and the aortic annulus (r = 0.33, r = 0.28 and
r = 0.28, respectively; p < 0.05).

A multiple stepwise forward-regression analysis deter-
mined the relationships between the basic anthropological
parameters (age, sex, BMI, and BSA) or the parameters
characterizing the radiation dose in the thoracic arterial
phase of the MDCT examination assessing the eligibility
for TAVI (CTDIvol and DLP), and the CVs for the consecu-
tive aortic valve measurements in these tests. The con-
ducted estimations resulted in the following statistically
significant models:

— CV of the measurement of the aortic annular mini-
mum dimension = 5.898 + 0.779 female — 0.001 DLP;

— CV of the measurement of the aortic root minimum
dimension = -1.789 + 0.206 BMI + 1.198 female;

— CV of the measurement of the distance between
the left coronary artery and the aortic annulus = 4.948 +
0.394 BMI + 2.283 female + 0.102 age.

The models obtained in the regression analysis indicate
that female sex and lower DLP doses in the thoracic arterial
phase of the MDCT used to assess the eligibility for TAVI
are factors independently associated with a higher CV for
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Table 6. Results of multiple regression analysis in the study group (n = 60)

A. Model of relationship determining the independent predictors of higher CV of the measurement of the aortic annular minimum dimension

Model for: CV of the measurement of the aortic annular minimum dimension

variable intercept DLP [mGycm]
Regression coefficient 5.898 0.779 -0.001
SEM of R ' 0989 0362 0001
p-value <0.001 0.009 0.042

DLP - dose length product; CV - coefficient of variation; SEM — standard error of the mean; Rc - regression coefficient.

B. Model of the relationship determining independent predictors of higher CV for the measurement of the aortic root minimum dimension

Model for: CV of the measurement of the aortic root minimum dimension

variable intercept BMI [kg/m?] female
Regression coefficient -1.789 0.206 1.198
SEM of Rc 1.262 0.079 0.552
p-value 0.043 0.012 0.041

CV - coefficient of variation; SEM — standard error of the mean; Rc — regression coefficient; BMI — body mass index.

C. Model of relationship determining independent predictors of higher CV of the measurement of the distance between the left coronary artery ostium
and the aortic annulus

Model for: CV of the measurement of the distance between the left coronary artery ostium and the aortic annulus

variable intercept BMI [kg/m?] female age [years]
Regression coefficient 4.948 ‘ 0.394 2.283 0.102
SEM of Rc 2603 0.163 1324 0031
p-value 0.046 0.008 0.040 0.047

CV - coefficient of variation; SEM - standard error of the mean; Rc - regression coefficient; BMI - body mass index.

the measurement of the minimum dimension of the aor- to the high DLP subgroup (DLP values > the median); sta-
tic annulus. Higher BMI and female sex are indepen- tistically significant negative linear relationships between
dently associated with a higher CV for the measurement the DLP value and the absolute measurement difference,
of the minimal aortic root dimension, whereas higher BMI, relative measurement difference and CV for the mini-
female sex and older age are independently associated with mum aortic annular dimension; as well as a lower DLP
a higher CV for the measurement of the distance between dose as an independent factor associated with a higher
the left coronary artery and the aortic annulus. The results CV for the minimum aortic annular dimension. There-
of the estimation for significant models obtained in the re- fore, it is suggested that the MDCT tests using lower
gression analysis are presented in Table 6. radiation doses in the assessment of eligibility for TAVI

should be followed by a control of the degree of repeat-

. . ability of the aortic valve sizing measurements. Based
Discussion on the conducted studies, it is possible to identify groups
of patients in which the variations in aortic valve sizing

In analyzing the results of this study, it is impossible using MDCT may be higher. Regardless of the radiation

to identify unequivocally a relationship between the ioniz- dose, higher BMI, female sex, and elderly age affect the CV
ing radiation dose and repeatability of the aortic dimension for individual measurements of the aortic valve. It seems
measurements using MDCT performed for the standard that in these groups of patients, greater caution should be
assessment of eligibility for TAVI. The size of the radiation taken while performing MDCT tests using lower radiation
dose in routine MDCT tests to assess eligibility for TAVI doses in the assessment of eligibility for TAVI.

did not affect the repeatability of the aortic valve mea- It is worth emphasizing that the presented study results
surements, which justifies the attempts to perform these are the first scientific attempt to find a relationship be-
tests using lower radiation doses. However, it is important tween the ionizing radiation dose and repeatability of aor-
to bear in mind the demonstrated individual statistically tic dimension measurements using MDCT performed for
significant correlations, i.e., considerably higher absolute a standard assessment of eligibility for TAVI.
measurement difference, relative measurement differ- In the available literature, the problem of repeatability
ence and CV of the mean aortic valve diameter in the low of aortic valve sizing using MDCT before a TAVI proce-
DLP subgroup (DLP values < the median) compared dure was mentioned only occasionally. Schmidkonz et al.
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demonstrated that MDCT offers repeatable measure-
ments of aortic annulus and aortic root geometry in pa-
tients eligible for TAVI. They also revealed that the highest
degree of concordance was obtained for the measure-
ments of the aortic annulus diameter estimated second-
arily on the basis of the aortic annulus circumference.!®
The study did not compare the repeatability of the aortic
annulus circumference measurement; among the analyzed
parameters, the highest concordance (the lowest CV) was
obtained for the mean diameter of the aortic root.

The comparability of the aortic valve assessment was
evaluated much more frequently using other diagnostic
methods: echocardiography, CT and magnetic resonance
imaging (MRI). A study by Bernhardt et al. compared
the usefulness of aortic valve sizing prior to a TAVI pro-
cedure using non-contrast enhanced MRI with the gold
standard, i.e., MDCT examination. In a group of 52 pa-
tients who underwent both tests, it was demonstrated
that an MRI examination including a 3D steady-state free-
precession sequence covering the entire ascending aorta
was highly concordant with aortic annulus assessment
using MDCT. The mean aortic annular circumference
in the measurement with multi-slice computed tomogra-
phy (MSCT) was 76.7 £6.9 mm, whereas in the MRI test
it was 76.5 +6.7 mm, with a high correlation coefficient
for the measurements (r = 0.93, p < 0.0001).** Husser
et al. compared the results of aortic valve assessments
in patients eligible for TAVI which had been obtained
using 3D transesophageal echocardiography (3D-TEE)
with the results obtained with the use of MDCT. Based
on the comparison of results in a group of 57 patients,
the aortic annular diameters and surface areas assessed us-
ing 3D-TEE are clearly lower than those obtained in MSCT,
with the exception of diameters measured in the sagittal
planes. Only in these planes did both methods determine
the final size of the prosthesis with a similar accuracy.!®
Other studies by the same researchers compared the re-
sults of aortic valve sizing using 2D transesophageal echo-
cardiography (2D-TEE) with 3D-TEE. They demonstrated
that the mean aortic annulus diameters were significantly
greater in 3D-TEE than in 2D-TEE, with a mean difference
of 1.2 mm. The size of the prosthetic valvular implant was
correctly determined based on 67% of 2D-TEE tests and
80% of 3D-TEE tests. Discrepancies between 2D-TEE and
3D-TEE test results were observed in 26% of the analyzed
cases.!® The presented study results seem to demonstrate
that the use of TEE for the aortic valve sizing in patients
eligible for TAVI is limited. The non-contrast enhanced
MRI method is promising, but its accessibility is lower
compared to MDCT, and the duration of the test is longer,
which may be of key importance for patients with severe
aortic stenosis. In this context, the authors believe that
it is increasingly important to refine the MDCT method
in the assessment of eligibility for TAVI.

In relation to the discussed parameters, the significance
of the morphological type of the aortic valve should be
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mentioned. In the studied group of patients, 93.3% had
a tricuspid aortic valve, 5.0% had a bicuspid aortic valve
and 1.7% had a quadricuspid aortic valve. The above dis-
tribution is similar to the literature data regarding the fre-
quency of individual aortic valve types. Based on the epide-
miological studies, the tricuspid aortic valve is considered
to be the most common type (98-99.5% of individuals),
the bicuspid valve is found in 0.5-2% of individuals and
other types are observed only occasionally.'” The bicuspid
aortic valve is often associated with abnormalities, mainly
with a predisposition for aortic stenosis.'®!? The distri-
bution obtained in the presented study, including 5.0%
of patients with bicuspid valves in the group of patients di-
agnosed with aortic stenosis eligible for a valve replacement
procedure, may be considered typical for the population.

This study has certain significant limitations, includ-
ing a relatively low number of patients participating
in the project, a lack of complete clinical characteristics
of the patients, including cardiovascular comorbidities and
risk factors, considerations related to tests performed using
a single tomography scanner, a lack of tests conducted with
reduced ionizing radiation doses, a lack of dose determina-
tion using size-specific dose estimate (SSDE), a lack of de-
termination of intrapersonal repeatability of the measure-
ments, and the subjective selection of the analyzed aortic
valve dimensions. However, the authors believe that these
limitations do not undermine the usefulness of the study,
which may be considered in further research associated
with the presented issue.

Conclusions

The size of the radiation dose in routine MDCT tests
assessing eligibility for TAVI essentially does not affect
the repeatability of the aortic valve measurements, which
justifies the attempts to perform these tests using lower
radiation doses.

Due to the demonstrated individual correlations be-
tween the radiation dose in MDCT studies performed
during the assessment of eligibility for TAVI and the re-
peatability of aortic valve sizing, it is proposed that tests
at lower radiation doses should be followed by a control
of the degree of repeatability of the aortic valve sizing.
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Abstract: The aim of the study was to evaluate the estimation efficacy of aortic valve calcium score
(AVCS) based on the multislice computed tomography (MSCT) angiographic phase. The evaluation
of the reduced amount of ionizing radiation dose was performed because of this estimation. The
study included 51 consecutive patients who qualified for transcatheter aortic valve implantation
(TAVI) (78.59 =+ 5.72 years). All subjects underwent MSCT: in the native phase dedicated to AVCS as
well as angiographic phases aimed to morphologically assess the aortic ostium and arterial accesses
for TAVI. Based on the native phase, an AVCS assessment was performed for axial reconstructions
at 3.0 mm and 2.0 mm slice thickness (AVCS,,ive3.0 and AVCS,,ative2.0)- Based on the angiographic
phase AVCS was estimated for axial reconstruction at 0.6 mm slice thickness with increased values
of lesion density in aortic valve cusps/aortic valve annulus, which is considered a calcification,
from a typical value of 130 HU to 500 HU and 600 HU (AVCScta0.6 500 HU and AVCScTA0.6 600 HU)-
Mathematical formulations were developed, allowing for AVCS native calculation based on AVCS
values estimated based on the angiographic phase: AVCSpatives.0 = 813.920 + 1.510 AVCScra0.6 500 HU;
AVCSatives.0 = 1235.863 + 1.817 AVCScTa0.6 600 HU; AVCSnative2.0 = 797471 + 1.393 AVCSc1A0.6 500 HUS
AVCSpative2.0 = 1228.310 + 1.650 AVCScra0.6 600 HU- The amount of a potential reduction in dose
length product (DLP) in the case of AVCS estimation was 4.45 + 1.54%. In summary, relying solely
on the angiographic phase of MSCT examination before TAV], it is possible to conclusively estimate
AVCS. This estimation results in a marked reduction in radiation dose in MSCT.

Keywords: aortic valve calcium score; TAVI; radiation dose

1. Introduction

Aortic valve stenosis is the most common primary defect of heart valves [1]. The
incidence of aortic stenosis increases with age and in people between 50 and 59 years of
age it affects 0.2% of the population; in persons older than 75, as many as 2.8% of the
population; in people older than 80 as many as 9.8% of the population [2]. Symptomatic
aortic valve stenosis is associated with 50% mortality rate in the period of 2 years [3].

The pathomechanism of aortic valve stenosis development basically involves the dam-
age of the endothelium-covering valve cusps, the migration of lipoproteins to endothelial
space, the development of inflammatory reaction, resulting in aortic valve calcification [4,5].
The calcification of the aortic valve is the underlying pathomechanism of aortic stenosis
development. Single calcification foci are regarded as the mild calcification of aortic valve,
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multiple calcification foci indicate moderate calcification and the complete calcification of
cusps, and their thickening is referred to as the severe calcification of the aortic valve [6].

Aortic valve stenosis is a progressive disease process. Generally, the treatment of
severe aortic valve stenosis involves a cardiac surgical procedure, i.e., the replacement of
aortic valve [7]. An alternative treatment, particularly in elderly patients and/or patients
with comorbidities, is transcatheter aortic valve implantation (TAVI) [8,9].

The basic diagnostic method in the qualification procedure for TAVI is the multi-
slice computed tomography (MSCT) of the heart and large vessels [10]. It allows for the
evaluation of sizes and the geometry of aortic valve, anatomy of aortic ostium as well as
the evaluation of vascular accesses for TAVI. The MSCT also allows for the evaluation of
aortic valve calcium score (AVCS) [11]. AVCS is a mathematically estimated, quantitative,
non-unitary parameter which characterizes the total amount of calcification within the
aortic valve region [12]. Based on the guidelines of scientific associations, AVCS is used to
differentiate the degrees of aortic stenosis with an aortic ostium surface area below 1.0 cm?,
a low gradient (<40 mmHg) and maintained left ventricular ejection fraction [13].

The basic reservation regarding MSCT examination for TAVI qualification is the
inherent necessity to use ionizing radiation. In the recent years, the doses of radiation
have been significantly reduced in MSCT examinations; however, in accordance with the
ALARA (As Low as Reasonably Achievable) rule, the methods aimed at a further reduction
in the ionizing radiation dose during the procedures utilizing ionizing radiation should
be always sought for, while optimizing the adequate quality of the obtained diagnostic
images and sometimes sacrificing negligible quality reduction in such images [14,15].

The AVCS assessment, useful during qualification for TAVI in the above-mentioned
clinical situations, requires an additional native phase of the MSCT study [11]. The hypoth-
esis of technically feasible, reliable estimation of AVCS value based on the angiographic
phase of MSCT examination with the simultaneous omission of the native phase of the
examination appears to be of certain importance. In case of a positive verification of the
assumed hypothesis it seems reasonable to evaluate the amount of the potential reduction
in radiation dose related to application of this estimation.

The aim of the study was to evaluate the estimation efficacy of AVCS based on the
angiographic phase of the MSCT examination of the heart and large vessels.

Moreover, the potential reduction in the ionizing radiation dose was evaluated due to
the estimation of the value of AVCS based on the angiographic phase instead of performing
the native phase of the MSCT.

2. Materials and Methods
2.1. Study Group

The study group included 51 consecutive patients who underwent MSCT examination
of the heart and large vessels with AVCS assessment at CT Lab to qualify for TAVI in 2019.

Group size was determined using a sample size calculator. The selection conditions were
as follows: population size 38 million, fraction size 0.1, maximum error 10%, confidence level
95%. The required minimum size of the study group was 35. During the analyzed period, 51
patients at the CT Lab were examined, hence the final size of the study group.

2.2. Study Methodology

The current study was performed as part of the project entitled: “Possibility to optimize
ionizing radiation procedure in MSCT examination in the qualification procedure for TAVIL.”

Medical history was obtained from all the included patients, their basic anthropometric
parameters were measured and assessment of the MSCT of the heart and large vessels with
AVCS was performed.

2.2.1. Basic Anthropometric Measurements

The study group underwent basic anthropometric measurements: their age, gender
and body weight were defined. Based on the formula: body weight (kg)/height (m)?,
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body mass index (BMI) was calculated. Since the measured anthropometric parameters,
subgroups of men and women were selected and included the patients with normal body
weight, overweight and obesity, as well as elderly and senile patients. Typical criteria of
overweight and obesity, based on BMI, were assumed: BMI between 20 and 24.99 kg/ m?
as normal body mass, BMI between 25 and 29.99 kg/m? was classed as overweight and
a BMI over 30 kg/m? as obesity. In accordance with the guidelines of the World Health
Organization, elderly patients were considered persons aged 60-74 and senile patients in
the age range 75-90 [16].

2.2.2. MSCT of the Heart and Large Vessels

In all study patients, the MSCT of the heart and large vessels with AVCS assessment was
performed. MSCT examination was performed on a 128-slice CT (Somatom Definition AS+,
Siemens Healthcare, Erlangen, Germany) following the standard protocol. According to
the protocol, the following procedures were performed: topogram, native phase dedicated
to the evaluation of AVCS, pre-monitoring and monitoring at trachea bifurcation with
image acquisition triggered by post-contrast saturation ROI placed at ascending aorta at
100 HU, ECG-gated angiographic phase dedicated to the morphological evaluation of aortic
ostium and angiographic phase dedicated to the imaging of potential arterial accesses for
TAVI. Native phase and angiographic phase acquisitions dedicated to the morphological
evaluation of aortic ostium also involved tracheal bifurcation at the level of costophrenic
angles, and angiographic phase dedicated to imaging of potential arterial accesses for
TAVI procedure involved the area ranging from shoulders to the lesser trochanter of the
femur. Exposure at 120 kV X-ray lamp was used and mAs values were variable. The
volume of the contrast agent administered intravenously was adjusted depending on the
examination stage. Using an automated syringe, 70-100 mL of iodinated, non-ionic contrast
agent (joheksol, 350 mg iodine/mL; Omnipaque 350, GE Healthcare Oslo, Norway) was
administered into the cubital fossa vein at the injection speed of 4.0 mL/s. In the native phase
of the examination axial section, reconstructions of 3.0 mm and 2.0 mm slice thicknesses
were performed; in the angiographic phase dedicated to morphological evaluation of
aortic ostium axial section reconstructions of 3.0 mm and 0.6 mm slice thicknesses were
performed; in the angiographic phase dedicated to the imaging of potential arterial access
for TAVI procedure, axial section reconstructions of 3.0 mm and 1.0 mm slice thicknesses
were obtained. Moreover, angiographic phases of MSCT examination included secondary
multiplanar reconstructions (MPR) in frontal and sagittal sections, as well as maximum
intensity projection (MIP) and volume rendering technique (VRT).

2.2.3. Evaluation of Aortic Valve Calcium Score

The evaluation of AVCS was performed retrospectively using the syngo.CT CaScoring
application (Siemens Healthcare, Erlangen, Germany).

Based on the native phase of MSCT examination, the semi-automatic evaluation of
AVCS was performed for axial reconstructions of 3.0 mm and 2.0 mm slice thicknesses
(AVCSpatives.0 and AVCSpative2 0, respectively). The lesions were considered calcified, in ac-
cordance with Agatston algorithm, if their density exceeded 130 HU. The lesions suggested
by the application as calcified were categorized as the lesions in aortic valve cusps/aortic
valve annulus or as the lesions outside these structures. The aortic valve calcification
categorization for each patient was verified by the consensus of the same two evaluating
radiologists. Based on the above categorization the application performed calculations of
AVCS values (Figure 1A,B).
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A. transverse plane ——— aortic valve plane ——*

calcium: density >130 HU

AVCS=17814

D. transverse plane  ——— aortic valve plane —*  calcium: density >600 HU

AVCS =944.6

Figure 1. AVCS assessment in MSCT: (A) native phase, axial reconstruction, slice thickness: 3.0 mm,
calcium detection threshold: density >130 HU; (B) native phase, axial reconstruction, slice thickness:
2.0 mm, calcium detection threshold: density >130 HU; (C) angiographic phase, axial reconstruction,
slice thickness: 0.6 mm, calcium detection threshold: density >500 HU; (D) angiographic phase, axial
reconstruction, slice thickness: 0.6 mm, calcium detection threshold: density >600 HU.

Based on the angiographic, ECG-gated, best diastolic phase of MSCT examination
dedicated to the morphological evaluation of the aortic valve, AVCS was estimated for
axial reconstructions of 0.6 mm slice thickness, with increased values of lesion density in
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aortic valve cusps/aortic valve annulus considered to be calcified from a typical value of
130 HU to 500 HU and 600 HU (AVCSctao.6 500 HU and AVCSctao.6 600 HU, Tespectively).
The 500 HU and 600 HU values were subjectively selected to differentiate the calcified
lesions in aortic valve cusps/aortic valve annulus from the contrasted lumen of left ventric-
ular outflow tract and /or aortic root. Apart from that, calculations of estimated value of
AVCS were performed analogically to the above-described method regarding determina-
tion of native AVCS value (Figure 1C,D).

Assessment of AVCS in the native phase and assessment of AVCS in the angiographic
phase were separated in time. At the time of the AVCS assessment in the angiographic phase,
the investigators had no information about the value of the AVCS in the native phase.

2.2.4. Severity Criteria of Aortic Valve Stenosis

AVCSativeso values were used to estimate the probability of severe aortic valve
stenosis. AVCSpatives.o Values over 3000 in men and 1600 in women were assumed as
indicators of a highly probable severe aortic stenosis. AVCSpatives.o Values over 2000 in
men and 1200 in women were considered as indicators of a probable severe aortic stenosis.
The patients whose AVCS,,tive3.0 Values were lower than 1600 in men and 800 in women
were classified as improbable to have a severe aortic stenosis [13].

2.2.5. Ionizing Radiation Dose

Ionizing radiation dose in the analyzed MSCT examinations was characterized by the
automated reading of the measurements performed during image acquisition by CT device.
The radiation dose was formulated by computed tomography dose index (CTDIvol) and
dose length product (DLP) for the native phase dedicated to AVCS evaluation and the
angiographic phase used to morphologically evaluate the aortic ostium. Moreover, the
total DLP dose was determined for MSCT examination of the hearth and large vessels with
the AVCS assessment.

2.2.6. Statistical Analysis

Statistical analysis was performed using “Dell Statistica 13” tool (Dell Inc., Round
Rock, TX, USA). Mean arithmetic values (X), medians (Me), minimum (Min) and maximum
(Max) values as well as standard deviations (SD) were calculated for quantitative variables
of the designated parameters. The results for qualitative (nominal) variables were expressed
as absolute figures (1) and percentage configurations (%). Distribution of variables was
checked using the Shapiro-Wilk test. To determine relationships between the studied
variables correlation analysis as well as regression analyses were performed. In the case of
quantitative variables of normal distribution, the Pearson correlation coefficient was used.
The mathematical formulas for computing the native AVCS from the known AVCS values
measured during the angiographic phase of the MSCT were determined by univariate and
multivariate regression analysis. The parameters of the obtained formulas in regression
analysis were estimated using the least square method. Evaluations of predictive accuracy
of the tests were performed using ROC analysis. In the comparative analysis of the selected
subgroups, in the case of independent quantitative variables of normal distribution for
further statistical analysis, the t-test for independent variables or analysis of variance—
ANOVA (parametric univariate)}—was used. The results at the level of p < 0.05 were
considered statistically significant.

3. Results
3.1. Study Group Characteristics

The women constituted 49.02% and the men constituted 50.98% of the study popu-
lation. The mean age of the included patients was 78.59 + 5.72 years of age. The basic
anthropometric parameters of the study group are presented in Table 1.
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Table 1. Clinical characteristics of the study group of patients (n = 51).

X Me Min Max SD
age [years] 78.59 81.00 62.00 89.00 572
BMI [kg/m?] 27.68 28.26 2220 33.33 3.03
total cholesterol [mg/dL] 210.36 206.00 117.00 445.00 57.43
LDL cholesterol [mg/dL] 130.84 125.00 46.00 218.00 47.00
HDL cholesterol [mg/dL] 47.52 47.00 33.00 69.00 9.04
triglicerides [mg/dL] 218.28 178.50 66.00 875.00 104.23
glucose [mg/dL] 130.31 114.00 75.00 312.00 50.83
systolic BP [mmHg] 137.50 135.00 105.00 166.00 19.38
diastolic BP [mmHg] 84.85 84.00 62.00 115.00 15.25
creatinine [mg/dL] 1.24 1.23 0.82 1.54 0.23
eGFR [mL/(min x 1.73 m?)] 63.59 63.50 45.00 101.00 9.95
n %o
age
elderly 9 17.65
senile 42 82.35
gender
male 26 50.98
female 25 49.02
body mass
normal 11 21.57
overweight 31 60.78
obesity 9 17.65
CVD
diabetes 15 29.41
dyslipidemia 28 54.90
arterial hypertension 46 90.20

BMI—body mass index; BP—blood pressure; CVD—cardiovascular diseases; eGFR—estimated glomerular
filtration rate; HDL—high-density lipoprotein; LDL—low-density lipoprotein; Max—maximum value; Min—
minimum value; n—number of patients; SD—standard deviation; X—arithmetic average.

3.2. Aortic Valve Evaluation in a MSCT before TAVI

96.08% of patients were found to have a tricuspid aortic valve, whereas 3.92% of
patients had a bicuspid aortic valve. Average sizes of aortic valve annulus and aortic root
were 26.64 = 3.21 mm and 32.16 + 4.28 mm, respectively, and the height of the aortic root
was 19.88 + 3.79 mm. Standard parameters of aortic valve evaluation in MSCT examination
performed before TAVI in the study group are presented in Table 2.
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Table 2. Standard parameters of aortic valve evaluation in a MSCT procedure qualifying for TAVI in
the study group (n = 51).

n %
number of aortic valve cusps
2 2 3.92
3 49 96.08
X Me Min Max SD
aortic valve annulus
maximum measurement [mm] 26.64 26.00 23.00 37.00 321
minimum measurement [mm] 20.36 20.00 17.00 27.00 2i33
mean measurement [mm] 23.50 22.50 20.50 32.00 2.62
aortic root
maximum measurement [mm] 3352 33.00 28.00 43.00 4.58
minimum measurement [mm] 30.80 30.00 26.00 40.00 413
mean measurement [mm] 32.16 31.50 27.50 41.50 4.28
height [mm] 19.88 18.00 14.00 28.00 3.79
distance from coronary ostia to
aortic valve annulus
left coronary artery [mm] 13.16 13.00 10.00 18.00 2.08
right coronary artery [mm] 14.08 14.00 12.00 18.00 1.89
Max—maximum value; Me—median; Min—minimum value; n—number of patients; SD—standard deviation;

X—arithmetic average.

3.3. AVCS in a MSCT before TAVI

AVCS, depending on the thickness of native image reconstructions, in the study
group of patients was 3690.54 £ 2378.82 in the case of 3.0 mm (AVCS,,,tive3.0) slice thick-
ness and 3457.03 £ 2190.81 in the case of 2.0 mm (AVCSpative2.0) slice thickness. Based
on AVCSnative3.0 the estimated probability of severe aortic stenosis in 58.82% of the
study group was highly probable, in 88.23% it was probable, and in 3.92% it was im-
probable. The mean value of the blood pool density in the lumen of the left ventricle
and the aortic bulb was 380.84 + 113.33 HU and 392.21 + 129.12 HU. AVCS estimated
based on CT angiographic phase, depending on the increased threshold of calcification
detection, was 2068.62 4+ 1422.23 with the calcification detection threshold increased up to
500 HU (AVCScta0.6 500 Hu) and 1372.39 + 1044.53 with the calcification detection thresh-
old increased to 600 HU (AVCScTa0.6 600 HU)- With both the abovementioned calcification
detection thresholds, AVCS value estimation was possible in 76.47% and 98.04% of ex-
aminations, respectively. In the remaining cases, the indicated density thresholds were
insufficient to differentiate between calcium and contrasted blood pool; consequently,
syngo.CT CaScoring failed to generate AVCS results. AVCS values in MSCT examinations
before TAVI in the tested group of patients are presented in Table 3.
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Table 3. AVCS and the parameters characterizing ionizing radiation dose in a MSCT procedure qualifying for TAVI in the

study group (n = 51).

X Me Min Max SD
native aortic valve calcium score
(AVCSpative)
3.0 mm slice thickness evaluation 3690.54 3022.40 1052.90 9453.40 2378.82
2.0 mm slice thickness evaluation 3457.03 2858.10 1035.40 9148.80 2190.81
n %
probability of severe aortic stenosis
(estimated in accordance with
AVCSnatich.O)
highly probable (M > 3000, F > 1600) 30 58.82
probable (M > 2000, F > 1200) 45 88.23
improbable (M > 1600, F > 800) 3 5.88
X Me Min Max SD
estimated on the basis of angiographic
phase aortic valve calcium score
(AVCScraoe)
500 HU calcification detection threshold 2068.62 1608.00 276.50 5620.00 1422.23
600 HU calcification detection threshold 1372.39 1239.40 119.70 3634.50 1044.53
radiation dose in a native phase dedicated
to AVCS evaluation
CTDIvol [mGy] 285 1.87 0.13 13.17 2.55
DLP [mGycm] 30.50 23.30 11.00 143.60 26.85
radiation dose in angiographic phase
dedicated to morphological evaluation of
aortic ostium
CTDIvol [mGy] 29.58 16.29 4.72 245.00 45.63
DLP [mGycm] 324.18 220.00 46.30 2058.00 328.41
total radiation dose of MSCT examination
of heart and large vessels
DLP [mGycm] 697.94 554.00 190.00 2380.00 47217

Max—maximum value; Me—median; Min—minimum value; n—number of patients; SD—standard deviation; X—arithmetic average.

3.4. Ionizing Radiation Dose in a MSCT before TAVI

Table 3 also shows the parameters characterizing the ionizing radiation dose in the
analyzed MSCT examinations. The mean values of CTDIvol and DLP of native phase dedicated
to AVCS evaluation were 2.35 + 2.55 mGy and 30.50 + 26.85 mGycm, respectively. Analogous
parameters for the angiographic phase, dedicated to morphological evaluation of aortic ostium
were 29.58 4= 45.63 mGy and 324.18 + 328.41 mGycm. Regarding the phase of the examination
dedicated to the evaluation of vascular access in the TAVI procedure, the total radiation dose
in the analyzed MSCT examinations was, on average, 697.94 4 472.17 mGycm.

3.5. Correlation Analysis

The correlation analysis indicated statistically significant positive linear relationships
between AVCS values, evaluated based on the native phase and AVCS values estimated
based on angiographic phase of MSCT examination: r AVCSyative3.0 VS. AVCScTa0.6 500 HU—
0.85, r AVCSpatives.0 VS. AVCScta0.6 600 HU—0.80, r AVCSpative2.0 VS. AVCScTa0.6 500 HU—
0.85,r AVCSnaﬁveZ.O VS. AVCSCTA()_(, 600 HU_0-78-
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3.6. Regression Analysis

Based on the univariate regression analysis, mathematical formulations were deter-
mined, allowing for AVCS native calculation based on known AVCS values, estimated
based on MSCT angiographic phase:

AVCSatives.o = 813.920 + 1.510 AVCScTA0.6 500 HU-

AVCSnaﬁve3_[] =1235.863 + 1.817 AVCSCTAO.G 600 HU-

AVCSpative20 = 797471 + 1.393 AVCScTAD.6 500 HU-

AVCSativez0 = 1228.310 + 1.650 AVCSCTA0.6 600 HU-

The highest fit index in the case of the above equations, which was R2 = 0.710, char-
acterized AVCSpatives.o Value prediction based on AVCSc1ag 6500 HU estimated values. A
slightly lower fit index in the case of the above equations, which was R2 = 0.708, character-
ized AVCSpativeso Value prediction based on AVCScrao.6 600 HU estimated values.

Based on multifactorial regression analysis, the models were developed, allowing
for the more precise prediction of actual AVCS, since a known estimated AVCS considers
anthropometric parameters (age, gender, and BMI). Statistically significant models obtained
in regression analysis are presented in Table 4.

Table 4. Mathematical formulae allowing for the calculation of a native AVCS based on AVCS values estimated based on
angiographic phase of a MSCT procedure qualifying for TAVI in the study group (17 = 51) obtained in a regression analysis.
(A) AVCSnative evaluated at 3.0 slice thickness. (B) AVCSnative evaluated at 2.0 slice thickness.

A. AVCS,,tive evaluated at 3.0 slice thickness.

Parameters of Model

Parameters Considered in the Model Mathematical Equation =
Fitting
dependent variable: AVCS,tive3.0 AV(l:T;Odel P 0-00{.)0 -
independent variables: AVCSpatives.0 = 813.920 + 1.510 AVCScTA0.6 500 HU P intgxr'?e(;tS;J)()()HOlié d
AVCScTA0.6 500 HU, intercept oy = i
dependent variable: AVCS,ive3.0 AV(I“_I;Odel p< 0-00‘530 i
independent variables: AVCShpatives.o = 1.235.863 + 1.817 AVCSc1a0.6 600 HU 4 intg?g;tSSOOHo%l ’
AVCSc1A0.6 600 HU, Intercept el B0, BH0E
model p < 0.000

dependent variable: AVCS,tive3.0
independent variables:

p AVCScta0.6 500 Hu: 0.000

AVCSatives.o = 1359.693 + 1.435 AVCSctaA0.6 500 HU — gender p: 0.035

AVCScrap.6 500 HU, gender, intercept AR el intercept p 0.043
model R2: 0.737
model p < 0.000
dependent variable: AVCS,,tive3.0 ) B B p AVCScta0.6 500 Hu: 0.000
independent variables: AVCSnatives 0 = 1521'1151 ;7-:)11-’;&:121/: VCScraoes 600 HU gender p 0.034
AVCScTao.6 600 HU, gender, intercept ’ intercept p 0.001
model R2: 0.624
model p < 0.000
et VR W Bt 408 s =SS LAY B — st 0]
pendent variables: 974.063 female — 37.563 BMI gender p 0.033BMI p 0.635
AVCSctA0.6 500 HU- gender, BMI, intercept ’ ’ intercept p 0.270
model R2: 0.731
model p < 0.000
R ) p AVCSctao.6 500 Hu: 0.000
dependent variable: AVCSaiives.o AVCSiatives0 = 3386.066 + 1.876 AVCSCrav.6 600 HU — ender p 0.033
independent variables: - < g 8 P
428.299 female 73.450 BMI BMIp 0.416

AVCScra0.6 600 HU, gender, BMI, intercept

intercept p 0.149
model R2: 0.621
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Table 4. Cont.

B. AVCS,.tive evaluated at 2.0 slice thickness.

Parameters of Model

Parameters Considered in the Model Mathematical Equation anca
Fitting
dependent variable: AVCS,,,ive2.0 AVénSOdel ik 0.0090 000
independent variables: AVCSpative2.0 = 797.471 + 1.393 AVCScTA0.6 500 HU P mtgé\ef’;f;"ofiogé 2
AVCScTA0.6 500 HU» intercept model R2: 0.708
dependent variable: AVCSpagive2.0 Av(r:r;odel Ps 0'00(_) 0.000
independent variables: AVCSpative2.0 = 1.228.310 + 1.650 AVCScTA0.6 600 HU P mélé‘é’,’.ff,?"o”o%b .
AVCSC]'AO'(, 600 HU~ mtercept model R2: 0.607
model p < 0.000
dependent variable: AVCSnaki\'eZO . - _ 14 AVCSCTA0.6 500 HU* 0.000
independent variables: AVCSrative20 = 13025’62(6) 6; 11:';3:;1‘2 VCScraos 50 HU gender p 0.034
AVCScra0.6 500 HU, gender, intercept : intercept p 0.003
model R2: 0.736
model p < 0.000
dependent variable: AVCSyative2.0 ) _ _ p AVCScta0.6 500 Hu: 0.000
independent variables: AVCSrative20 = 148325;;)1‘5;15‘(: VCScrans 60 Hu gender p 0.038
AVCSc1a.6 600 HU, gender, intercept g intercept p 0.001
model R2: 0.605
model p < 0.000
st ) p AVCScta0.6 500 HU: 0.000
gependent virriables AV C e AVCSpativez0 = 2206.638 + 1.360 AVCScra - ender p 0.033
independent variables: native2.0 n CTA0.6 500 HU g p
¥ 906.274 female — 34.757 BMI BMI p 0.635
AVCSc1a0.6 500 HU, gender, BMI, intercept intercept p 0.260
model R2: 0.730
model p: <0.000
o ) p AVCSctao.6 500 HU: 0.000
dependenivariable: AVCS sy AVCSpativez = 3323.035 + 1.716 AVCScrans 600 HU — ender p: 0.037
independent variables: e u 8 P
' 377.709 female — 72.656 BMI BMI p: 0.393

AVCScta0.6 600 HU, gender, BMI, intercept

intercept p 0.134
model R2: 0.603

The highest fit index in case of the analyzed models, indicating the best prediction,
was found in the following models:

AVCSpativeso = 1359.693 + 1.435 AVCScra0.6 500 HU — 952.227 female (R2 = 0.737);

AVCSnaﬁveZ.O =1305.326 + 1.324 AVCSCTA()_6 500 HU — 886.069 female (R2 = 0.736).

Both the above models indicate an independent, statistically significant decrease in
actual AVCS value in the case of the estimation of its value in women in comparison with
estimation in men.

3.7. Predictive Accuracy Analysis

Using sensitivity and specificity analysis, the accuracy of AVCS values was evaluated.
These values were estimated based on the angiographic phase of MSCT examination as
a predictive index of severe aortic stenosis probability, based on actual AVCS values (in
accordance with AVCSyative3.0)- The complete results of sensitivity and specificity analysis
of the AVCS criteria, determined based on ROC, are presented in Table 5.
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Table 5. Prediction of severe aortic stenosis, based on AVCS values, estimated based on angiographic phase of a MSCT
procedure qualifying for TAVI in the study group (1 = 51).

Probability of Severe Aortic Stenosis Cut-off Point of Estimated AVCS Test Evaluation Parameters

(in Accordance with AVCS,,,tives.0) based on ROC Analysis Sensitivity  Specificity Accuracy

highly probable (M > 3000) AVCScTA06 500 HU > 1577.20. 1.000 0.882 0913

AVCScrao6 600 HU > 1234.00. 1.000 0.889 0.923

highly probable (K > 1600) AVCScra0.6 500 HU = 1569.00. 1.000 1.000 1.000

AVCScra0.6 600 HU = 746.40. 1.000 0.700 0.813

probable (M > 2000) AVCScTtA0.6 500 HU = 1183.50. 0.500 1.000 0913

AVCScta.6600 HU = 899.10. 0.500 1.000 0.923

probable (K > 1200) AVCScta.6500 HU = 746.40. 0.167 0.900 0.625

AVCScTA0.6 600 HU = 746.40. 0.308 1.000 0.625

improbable (M < 1600) AVCScTA0.6 500 HU < 706.00 0.950 0.333 0.870

AVCScra0.6 600 HU < 502.00 0.957 0.333 0.885

improbable (K < 800) uncertain evaluation due to lack of women with AVCS < 800 in the study group

In the group of women, the highest prediction accuracy was obtained when assuming
AVCScta0.6 500 HU = 1569.00 value as the predictor of highly probable severe aortic stenosis.
The accuracy of such an assumed criterion was 100%. However, in the group of men, the
highest prediction accuracy was obtained when assuming the AVCScra0.6 600 HU > 1234.00
value as the predictor of highly probable severe aortic stenosis and AVCScrag.6 600 HU =
899.10 as the predictor of probable severe aortic stenosis. The accuracy of both these criteria
was 92.3%. The remaining assumed criteria showed over 60% accuracy.

3.8. Potential Reduction of Ionizing Dose Analysis

The amount of a potential reduction in DLP ionizing dose in case of AVCS value
estimation based on angiographic phase regarding possible omission of the native phase
of examination was, on average, 30.50 £ 26.85 mGy. The above reduction amounts to
4.45 £ 1.54% of the total dose used in the MSCT examination of the heart and large vessels
before TAVI. When limiting the study to the aortic valve only (examination involving
the native phase dedicated to AVCS evaluation and angiographic phase dedicated to
morphological evaluation of aortic ostia, excluding the angiographic phase, dedicated
to the evaluation of all potential arterial accesses to TAVI procedure) the above dose
reduction constitutes 11.03 + 7.96% of the dose of this MSCT examination. No statistically
significant differences were found regarding the size of a potential reduction in DLP
ionizing radiation dose in the case of AVCS-estimated values based on the angiographic
phase, due to the possible omission of a native phase between subgroups of the patients
divided in accordance with their gender, body mass and age. The discussed dose reduction
was statistically insignificantly higher in women than in men, in overweight and obese
patients than in the patients with normal body weight and in senile patients rather than in
the elderly. The potential reduction in ionizing radiation dose because of AVCS estimation
in the study group and selected study subgroups is presented in Table 6.
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Table 6. Potential reduction in ionizing radiation dose because of AVCS estimation, based on the angiographic phase of an
MSCT procedures qualifying for TAVI in the study group (1 = 51).

Radiation Dose—DLP [mGycm] Potential Reduction of Radiation Dose [%]
regarding
angiographic phase examination limited
native phase dedicated to total MSCT to angiographic regarding total MSCT
group dedicated to AVCS morphological examination of heart phase dedicated to examination of heart
evaluation evaluation of aortic and large vessels morphological and large vessels
ostium evaluation of aortic
ostium
total study group 30.50 + 26.85 324.18 4 328.41 697.94 + 472.17 11.03 £ 7.96 4.45 +1.54
male 36.10 + 34.43 411.45 + 417.16 846.42 + 574.69 10.46 +9.94 404+121
female 24.68 + 14.06 233.43 + 163.08 543.52 + 267.80 11.64 £5.33 488 +1.75
normal body weight 31.59 + 12.50 497.04 =+ 286.49 915.27 + 394.26 7.01 +£2.97 370 +1.22
overweight 34.23 £ 32.65 320.07 + 358.19 717.10 + 509.76 11.53 +9.03 4.51 +147
obesity 16.32 4 5.68 127.08 + 74.24 366.33 + 185.92 14.28 + 6.63 5.16 + 1.88
elderly age 3414 +£22.15 569.00 + 619.81 758.11 + 388.54 8.29 +£5.01 439+1.75
senile age 29.72+27.93 271.72 £ 201.48 685.05 + 491.39 11.63 + 8.39 4.46 +1.52

4. Discussion

The performed examinations indicate that relying solely on the angiographic phase of
MSCT examination of the heart and large vessels, it is possible to conclusively estimate
the aortic valve calcium score. The increase in the calcification detection threshold from
a standard level of 130 HU by the Agatston algorithm, used for actual AVCS calculation
based on a native phase of MSCT examination to 500 HU or 600 HU value in angiographic
phase of the MSCT examination, allows for the differentiation of some calcifications from
the contrasted lumen of left ventricular outflow tract and/or aortic root. The estimated
AVCS value is lower than the actual value due to the lost, in this method, calcifications
of density between 130 and 500 or 600 HU. However, this study has proved that the
obtained values of estimated AVCS strongly correlate with actual AVCS values (r between
0.78 and 0.85) and, using regression equations, recalculation of the estimated values into
actual values can be performed with 70% fitting and, having considered the gender of the
patients, with 73% fitting. Analogically, the applied method of AVCS estimation allows for
evaluation of probability of severe aortic stenosis development and is typically performed
based on AVCS actual value measured in a native phase of MSCT examination in axial
reconstruction of 3.0 mm slice thickness. The performed ROC analysis has indicated
cut-off points of estimated AVCS reflecting the classification criteria of the probability
of severe aortic stenosis based on AVCS measured in the native phase. The performed
sensitivity /specificity analysis determined the predicted accuracy of the resulting cut-off
points of the estimated AVCS within the range of 62.5% and 100.0%.

Here, it appears necessary to comment on the increased calcification detection thresh-
old in the angiographic phase of MSCT examination in the proposed method of AVCS
estimation. A slightly higher compatibility between estimated and actual values of AVCS
was obtained using the calcification detection threshold set at 500 HU. The increase in
detection threshold from 500 HU to 600 HU, in turn, allowed for estimation to be performed
in 98.04% of the examinations in comparison with the initial figure which was 76.47%.
From a practical point of view, it seems that, while performing AVCS estimation, based on
angiographic phase of MSCT examination, the lowest detection threshold, allowing for its
performance, should be aimed for.

The applied AVCS estimation method may be of significant clinical importance. Thanks
to its application, it has become possible to retrospectively analyze qualification examinations
for the TAVI procedure that were performed before the popularization of the native phase,
dedicated to AVCS evaluation in these types of examinations. Moreover, this method can be
used to reliably estimate AVCS after any thoracic aorta CTA examination or even chest CT scan.
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Furthermore, as this study shows, the value estimation of AVCS based on the angiographic
phase of MSCT examination, due to the omission of its native phase, is associated with a
markedly lower ionizing radiation dose in MSCT examinations, corresponding with ALARA,
the main radioprotection principle (As Low as Reasonably Achievable). The amount of a
potential reduction in ionizing radiation dose expressed by DLP in the case of the discussed
method of AVCS value estimation in the study group was, on average, 30.50 + 26.85 mGy,
which accounts for 4.45 4 1.54% of the total dose in the MSCT examination of the heart and
large vessels before TAVI and a 11.03 £ 7.96% dose concerning the heart region. The radiation
dose reduction amount was independent of age, gender, and BML

The notion of AVCS evaluation based on angiographic phase of the examination has
not been widely discussed in the currently available studies. Alqahtani et al., in their stud-
ies, assessed the possibility to estimate AVCS based on the MSCT examination of coronary
arteries, assuming the calcification detection threshold based on ROI density measurement
parameters placed at the ascending aorta, i.e., based on the mean and standard deviation of
the abovementioned density. The calcification detection threshold was calculated based on a
mathematical formula: mean + 2x standard deviation [17]. Similar to our study, it has been
concluded that AVCS estimation, based on the angiographic phase of MSCT examination is
possible and its results are reliable. The method used by Algahtani et al. to estimate the AVCS
is a method that requires repeatable and precise localization of ROI in the ascending aorta. This
may result in greater variability of the obtained estimation results of this method in comparison
to our method.". Bettinger et al., in their study, used AVCS estimated based on angiographic
phase of MSCT examination, whose aim was to find the most precise prediction threshold for
paravalvular leak after TAVI. In the cited above study AVCS was estimated using as many as
6 various thresholds of increased calcification predictions associated with aortic valve in the
angiographic phase of MSCT examination: 650 Hu, 850 HU, 1.25 x LA, 1.5 x LA, LA + 50 and
LA +100. LA was the density in the lumen of aortic valve annulus in the angiographic phase
of the examination. In these studies, it was indicated that the applied LA + 100 calcification
detection threshold is characterized by the highest predictive value for paravalvular leak after
TAVI [18]. However, in relatively older studies, Miihlenbruch et al. denied the feasibility of
reliable AVCS estimation using the angiographic phase of MSCT examination. The calcium
detection threshold in the angiographic phase of MSCT in this study was set at a markedly
lower level, 350 HU [19].

However, the authors stress that analogous studies should also be mentioned, as they
concern the attempts to estimate the coronary artery calcification score (CACS), solely based
on the angiographic phase of MSCT examination. These types of studies were performed,
among the others, by Mylonas et al., proving that CACS evaluation, based only on the
MSCT angiography scan, is possible and correlates well with CACS evaluated routinely
based on non-contrast enhanced examination. In their studies, the same calcification
detection threshold was suggested, as in the presented studies by Alqahtani et al. [17,20].

Studies on various methodological aspects of AVCS evaluation appear crucial when
considering the growing clinical importance of AVCS, especially in patients with aortic valve
stenosis [12,21]. As mentioned before, based on the guidelines of the European Society of
Cardiology, AVCS has been considered as the parameter that can be used to differentiate the
degrees of aortic stenosis with the aortic ostium surface area below 1.0 cm?, a low gradient
(<40 mmHg) and maintained left ventricular ejection fraction. AVCS,tive3 0 Values over 2000
in men and 1200 in women [13] were criteria of highly probable severe aortic stenosis. Recently
published multicenter studies by Pawade et el. confirmed the above criteria, obtaining, in
the analysis of probable severe aortic stenosis, the thresholds of 2062 Agatston units in men
and 1377 Agatston units in women [22]. Ren et al. proved that AVCS evaluation is a reliable
marker in the evaluation of AS severity, also in patients with bicuspid aortic valve stenosis [21].
Scientific literature also discusses the significance of the AVCS onset value as a prognostic
factor in patients who underwent the TAVI procedure [22,23].

However, the research carried out in recent years also stresses the role of AVCS
evaluation in clinical conditions other than aortic stenosis. It has been suggested that, in
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patients without aortic valve stenosis, AVCS may be treated as the marker of atherosclerosis
development process [24]. Higher values of AVCS are associated with higher risk of
cardiovascular events in the future both in patients with cardiovascular diseases as well
as in patients without clinical symptoms of cardiovascular disease [25]. Galaska et al., in
their studies, showed that AVCS may even serve as a marker of genetic predisposition to
hypercholesterolemia [26].

This study exemplifies the attempt at the optimization of the AVCS methodology
evaluation using computed tomography. Another possible direction that scientific studies
may follow concerning the AVCS methodology evaluation is its evaluation by other means
of diagnostic imaging. Gillis et al. suggested an ultrasound evaluation of AVCS. The AVCS
value, evaluated by echocardiography, correlated with the AVCS value, typically evaluated
using non-contrast enhanced MSCT [27]. d'Humieres T. et al. developed ultrasound AVCS
evaluation equally well, correlating with the actual level of aortic valve calcification using
less commonly applied three-dimensional echocardiography [28]. However, Le Ven et al.
showed that the tissue characteristics of aortic ostium, including a quantitative participation
of mineralized, fibrous, and lipid-rich elements may be successfully measured using a
multiparametric imaging method of magnetic resonance with good-to-perfect precision,
comparable with a histopathological examination [29].

Apart from the issues closely related to the aim of this study the obtained results
also indirectly indicate the differences in AVCS between the genders. The performed
regression analysis stresses the improvement of fit indices of the obtained mathematical
formula, allowing for actual AVCS evaluation based on AVCS estimated values based
on angiographic phase of MSCT examination when considering the gender of a studied
patient. Female gender enforces correction of the calculated value by a few hundred units
of HU, depending on the selected phase and estimation method. The obtained results
appear to be in line with the documented fact of lower AVCS values in women. Simard
etal. documented that, in patients with tricuspid aortic valve, when the severity of stenosis
is similar, women, in comparison with men, exhibit a lower course of valve calcification
advancement, but with a higher degree of its fibrosis [30]. Thaden et al. indicated, however,
that, for the same degree of aortic stenosis severity, women show lower AVCS and lower
mass of aortic valve in comparison with men, and this relationship is independent of
valve morphological features. Moreover, AVCS correlates with aortic valve mass [31].
Lower AVCS in women was also observed in the general population. Koshkelashvili et al.
documented higher AVCS in men than in women in the general population aged > 65, but
only in the case of Caucasian race [32]. Galas et al. showed higher values of AVCS in men
in comparison with women in the group of patients aged > 60 diagnosed due to thoracic
pain using MSCT examination of coronary arteries [33].

The basic limitation of the methodology is the constant threshold of calcium density in
the angiographic phase (500 or 600 HU). A variable density threshold “mean of blood pool
density + standard deviation of blood pool density” would probably be better. However,
different approaches are used in the literature. The choice of a specific, fixed threshold
of calcium density in the angiographic phase was conditioned by the intention to test the
simplest methodological approach. The calcium density threshold in the angiographic
phase, based on the measurement of the mean and standard deviation of the blood pool
density is a value whose measurement depends on many factors, including longitudinal
measurement location (different value when measured in LA, LV, LVOT, aortic bulb, ST]
point, ascending aorta or descending aorta), transverse location of measurement (median,
eccentric, from the entire outline of the anatomical structure filled with blood), the size and
shape of the ROI used for measurement, as well as dependent on the researcher making
the measurement (intra-observer and inter-observer variability).

Another important limitation of the study is the small number of studies included in
the project. Increasing the size of the study group would be valuable. However, it should
be noted that the size of the group was considered in the algorithms of the performed
statistical analyses.
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Other limitations of the study include: performing the study only in Caucasian
individuals; the single-center nature of the study limited the analysis to exams performed
on one device in a given MSCT laboratory; the small size of the group of people with a
bicuspid aortic valve (only 2 patients); failure to include in the analysis the MSCT exams
performed with using lower kilo-voltages of the X-ray tube (100 kV, 80 kV); limited radiation
dose characteristics in the analyzed studies using acquisition parameters provided by the
CT instead of taking into account the size-specific dose estimation (SSDE); subjective
selection of the MSCT phases, on the basis of which the AVCS was assessed. Moreover,
the characteristics of the studied group lack information on the age of the menopause of
the studied women, information on the medications used, and the results of the control
echocardiographic examination. In the opinion of the authors, the above limitations do not
significantly reduce the potential usefulness of the conducted research. The results should,
therefore, be used as indicators for further research.

5. Conclusions

1. Relying solely on the angiographic phase of MSCT examination of the heart and large
vessels, it is possible to conclusively estimate the aortic valve calcium score.

2. The AVCS estimation based on the angiographic phase of the MSCT study, due to the
omission of the native phase of the study, results in a lower dose of ionizing radiation.
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Radiation Dose in Computed Tomography. Life (Basel). 2021 Jun 23;11(7):604. doi:
10.3390/1ife11070604. PMID: 34201824; PMCID: PMC8305341.

Moj udziat polegat na: opracowaniu zatozen i koncepcji pracy, przygotowaniu i opracowaniu
wynikéw badan, wspotredagowaniu artykutu i prowadzeniu merytorycznego nadzoru nad
przygotowaniem publikacji.

Prof. dr hab. med. Rafat Por¢ba
specjalista chor6b wewngtrznych
kardiolog, diabetolog, angiolog
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BARTLOMIEJ KEDZIERSKI

dr n. med. Krystian Truszkiewicz

Wroctaw, 17. kwietnia 2023

Dziat Radiologii i Diagnostyki Obrazowej
Dolno$lgski Szpital Specjalistyczny im. T. Marciniaka
Centrum Medycyny Ratunkowej

ul. Fieldorfa 2

50-049 Wroctaw

OSWIADCZENIE O WSPOLAUTORSTWIE

Oswiadczam, Ze w pracy:

|

Bartfomiej Kedzierski; Piotr Macek; Barbara Dziadkowiec-Macek; Krystian Truszkiewicz;
Rafat Poreba; Pawel Gaé. Radiation Doses in Cardiovascular Computed
Tomography. Life 2023, 13, 990.

Moj udziat polegat na: przygotowaniu i wspétredagowaniu merytorycznym oraz ostatecznym
przygotowaniu publikacji.

Sdr
SR med, gy
< « Arystian » 4

usy, .
o sthiewjoy
©
~

; SPecjalj

i t
V< vy oV (On e it
/e

~

/[lf\/\ 7’3/(/‘4\5 0\4\@

86



ROZPRAWA DOKTORSKA BARTLOMIE] KEDZIERSKI

lek. Barbara Dziadkowiec-Macek Wroctaw, 17. kwietnia 2023
Katedra i Klinika Choréb Wewnetrznych Zawodowych

Nadcisnienia Tgtniczego i Onkologii Klinicznej

Uniwersytetu Medycznego we Wroctawiu

ul. Borowska 213

50-556 Wroctaw

OSWIADCZENIE O WSPOLAUTORSTWIE

Oswiadczam, ze w pracy:

L

Barttomiej Kedzierski; Piotr Macek; Barbara Dziadkowiec-Macek; Krystian Truszkiewicz;
Rafat Porgba; Pawel Gaé. Radiation Doses in Cardiovascular Computed
Tomography. Life 2023, 13, 990.

M¢j udziat polegat na: przygotowaniu i wspdtredagowaniu merytorycznym oraz ostatecznym
przygotowaniu publikacji.
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lek. Piotr Macek Wroctaw, 17. kwietnia 2023
Katedra i Klinika Chor6b Wewnetrznych Zawodowych

Nadcisnienia Tetniczego i Onkologii Klinicznej

Uniwersytetu Medycznego we Wroctawiu

ul. Borowska 213

50-556 Wroctaw

OSWIADCZENIE O WSPOLAUTORSTWIE

Oswiadczam, Ze w pracy:

1.

Bartlomiej Kedzierski; Piotr Macek; Barbara Dziadkowiec-Macek; Krystian Truszkiewicz;
Rafal Porgba; Pawet Gaé. Radiation Doses in Cardiovascular Computed
Tomography. Life 2023, 13, 990.

Moj udziat polegat na: gromadzeniu danych naukowych, przygotowaniu i wspétredagowaniu
merytorycznym publikacji.

Pawet Gaé, Bartlomiej Kedzierski, Piotr Macek, Krystyna Pawlas, Rafat Porgba. Estimation of
Aortic Valve Calcium Score Based on Angiographic Phase Versus Reduction of Ionizing
Radiation Dose in Computed Tomography. Life (Basel). 2021 Jun 23;11(7):604. doi:
10.3390/1ife11070604. PMID: 34201824; PMCID: PMC8305341.

Mo6j udziat polegat na: analizie i interpretacji wynikow badari naukowych.
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lek. Martyna Hajac z d. Glo$na Wroctaw, 17. kwietnia 2023
Osrodek Diagnostyki Obrazowe;j

4. Wojskowy Szpital Kliniczny we Wroctawiu

ul. Weigla 5

50-981 Wroctaw

OSWIADCZENIE O WSPOLAUTORSTWIE

Oswiadczam, ze w pracy:

1. Barttomicj Kedzicrski, Pawet Gaé, Martyna Glosna, Rafal Porgba, Krystyna Pawlas.
Radiation dose and repeatability of aortic valve measurement by multidetector row
computed tomography to assess eligibility for transcatheter aortic valve implantation.
Adv Clin Exp Med. 2020 Aug;29(8):983-992. doi: 10.17219/acem/123624. PMID: 32853487.

Moj udzial polegal na: gromadzeniu i opracowaniu danych naukowych oraz ostatecznym
przygotowaniu publikacji.
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ZGODA KOMISJI BIOETYCZNEJ

KOMISJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroctawiu

ul. Pasteura 1; 50-367 WROCLAW

r

OPINIA KOMISIJI BIOETYCZNEJ Nr KB —198/2018

Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroctawiu, powotana
zarzgdzeniem Rektora Uniwersytetu Medycznego we Wroctawiu nr 133/XV R/2017 z dnia 21
grudnia 2017 r. oraz dzialajaca w trybie przewidzianym rozporzadzeniem Ministra Zdrowia
i Opieki Spolecznej z dnia 11 maja 1999 r. (Dz.U. nr 47, poz. 480) na podstawie ustawy
o zawodzie lekarza z dnia 5 grudnia 1996 r. (Dz.U. nr 28 z 1997 r. poz. 152 z pdzniejszymi
zmianami ) w skladzie:

dr hab. Jacek Daroszewski (endokrynologia, diabetologia)

prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szczgkowa, chirurgia stomatologiczna)
mgr Irena Knabel-Krzyszowska (farmacja)

prof. dr hab. Jerzy Liebhart (choroby wewnegtrzne, alergologia)

ks. dr hab. Piotr Mrzygtdd (duchowny)

mgr prawa Luiza Miiller (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

dr hab. Leszek Szenborn (pediatria, choroby zakazne)

Danuta Tarkowska (pielggniarstwo)

prof. dr hab. Anna Wiela-Hojeniska (farmakologia kliniczna)

dr hab. Andrzej Wojnar (histopatologia, dermatologia) przedstawiciel Dolnoslaskiej Izby
Lekarskiej) -

dr hab. Jacek Zielinski (filozofia)

pod przewodnictwem
prof. dr hab. Jana Kornafela ( ginekologia i poloznictwo, onkologia)

Przestrzegajac w dziatalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,
po zapoznaniu si¢ z projektem badawezym pt.

»Mozliwos¢ optymalizacji dawki promieniowania jonizujgcego w badaniach tomografii
komputerowej w procedurze kwalifikacji do zabiegu przezskérnego wszczepienia zastawki
aortalnej”
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zgloszonym przez lek. Bartlomieja Kedzierskiego zatrudnionego w Zakladzie Radiologii
Lekarskiej i Diagnostyki Obrazowej 4 Wojskowego Szpitala Klinicznego we Wroclawiu

oraz ztozonymi wraz z wnioskiem dokumentami, w tajnym glosowaniu postanowila wyrazié
zgode¢ na przeprowadzenie badania w Zakladzie Radiologii Lekarskiej i Diagnostyki
Obrazowej 4 Wojskowego Szpitala Klinicznego we Wroclawiu pod nadzorem prof. dr hab.
Krystyny Pawlas pod warunkiem zachowania anonimowos$ci uzyskanych danych.

Pouczenie: W ciggu 14 dni od otrzymania decyzji wnioskodawcy przystuguje prawo
odwotania do Komisji Odwotawczej za posrednictwem Komisji Bioetycznej UM we
Wroclawiu.

Opinia powyzsza dotyczy projektu badawczego bedacego podstawa rozprawy doktorskie;j.

Wroclaw, dnia Z(( kwietnia 2018 r. Uniwersytet MeByczny we Wrociawi
‘ G Yiuctawiu
ETYCZNA
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